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ABSTRACT 

The main purpose of this study was to develop practical 
heat pulse velocity (HPV) theory and techniques to measure 
xylem sapflow (transpiration) of forest trees without resort 
to empirical calibration or coefficients. It was determined 
that idealized heat transfer theory, describing the velocity 
of a heat pulse as propagated through sapwood by conduction 
through the wood and sap substance and convection by moving 
sap streams, can not be directly applied to measurement of 
sap flux in coniferous or diffuse porous woods because it does 
not account for the effect of nonconvecting wood (wound, W) 
in the plane of the implanted probes that necessarily results 
from the interruption of flow elements. Nor can it account 
for the effects of probe materials with thermal properties 
different from anisotropic wood, or normal variation in wood 
thermal properties that exists at bark/sapwood and sapwood/heart- 
wood borders. 

The partial differential equation for heat transfer by 
coupled conduction and convection was solved numerically for 
specific stem tissue and heat pulse probe implant situations. 
A finite difference numerical model of a section of sapwood 
in the tangential-longitudinal plane was used to simulate the 
effect of wounded material from 0.04 to 0.52 cm wide in the 
plane of sensors. Significant departure from the idealized 
case occured at 0.04 cm and calculated values of HPV were approxi- 
mately 50% of those imposed on the model at the 0.16 cm width 


of practically-sized heat pulse probes. A second model in 
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the radial-longitudinal plane was used to simulate the effects 
of bark/sapwood and sapwood/heartwood in radial cross sections 
of stems with sapwoods of 1, 2 and 3 cm wide. These simulations 
indicated that both symmetrically and asymmetrically spaced 

two sensor measurement and analysis techniques were usable 

at positions in the sapwood greater than 0.5 cm from the bark/ 
sapwood border and greater than 1 cm from the sapwood/heartwood 
border. 

Experimental results verified that wound in the plane 
of implanted probes was the major source of departure of practice 
from idealized theory. In a Pinus radiata, calculated transpi- 
ration from idealized theory was 49% of actual (by lysimetery), 
but 103% of actual with the numerically derived equation for 
a wound width of 0.20 cm. In a diffuse porous hardwood (Notho- 
fagus solandri var cliffortioides), calculated transpiration 
from idealized theory was 26% of actual (by cuvette), but 1102 
of actual with the numerically derived equation at the measured 
wound width of 0.48 cm. Similiar results were obtained in 
Pinus halepensis, Picea glauca, Populus tremuloides and Betula 
papyrifera. 

Heat pulse velocities determined within 1 cm of the sapwood 
heartwood border are underestimates on the sapwood side, over- 
estimates on the heartwood side. Rod-shaped high thermal conduct- 
ivity sensors tend to integrate HPV across the sapwood/heartwood 


border and over a greater area of xylem than bead-shaped sensors. 
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Wood moisture content may be dynamically and nondestruct~- 
ively determined from longitudinal thermal diffusivity measure- 
ments and basic wood density. A limited test of the feasibility 
and accuracy of such determinations indicated that calculated 
and actual moisture contents over the range 12 to 150%, oven 
dry weight basis, were closely correlated, R? = 0.81, with 
a standard error of estimate of 16%. 

The numerical and experimental results indicate that so- 
lutions to the heat transport equation, specific to heat pulse 
probes and stem cross section, are necessary to achieve accurate 
results with the implanted line source heat pulse method. 
Solutions are given for two, 0.16 cm diameter glass or brass 
sensors, spaced 1 cm up and downstream from a similiar diameter 
brass heater. These solutions are adequate for measuring heat 


pulse velocities in most coniferous and diffuse porous hardwood 


tree species with sapwood radii greater than 1 to 1.5 cm. 
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LIST OF FREQUENTLY USED SYMBOLS 


Upper case symbols Definition 


A 


Ann 


B/S 


HPVP 


HPVS 


HPVT 


2 
Area, cm 


Area associated with a sensor at depth nn, cm? 


Pre-dawn xylem pressure potential, MPa 
Bark/sapwood interface 

Specific heat, cal got Cone 

Specific heat of dry wood 

Specific heat of green wood 

Specific heat of sap (water) 

Counterweight added to spruce lysimeters, g 
Thermal diffusivity, ems it 

Thermal diffusivity in the longitudinal direction 
Thermal diffusivity in the radial direction 
Thermal diffusivity in the tangential direction 
Thermal diffusivity of oven dry wood 

Thermal diffusivity of water 

Heat pulse velocity, cm ia 

HPV measured with two asymmetrically spaced sensors, 
temperatures taken at fixed time intervals. 

HPV corrected in accordance with simulation results 
HPV imposed on numerical models 

HPV measured with single sensor, temperatures 

taken at fixed time intervals 

HPV measured with single sensor at time of maximum 
temperature rise, tp 

HPV measured with two symmetrically spaced sensors, 
temperatures taken at fixed time intervals 

HPV measured with two asymmetrically spaced sensors 


at time of null temperature difference, tz 
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Tu 


Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 


Thermal 


Thicknes 


Light intensity in environmental chamber (PhAR), Wm 


Moisture 
of water 
Moisture 


Moisture 


Density 
Basic de 
Density 


Partial 


Stomatal 


- Quantity 


Numerica 


of stem 


1 4 


conductivity, cal s_ cm! % 
conductivity in the longitudinal direction 
conductivity in the radial direction 
conductivity in the tangential direction 
conductivity of dry wood 


conductivity of green wood 


conductivity of water 


s of nonconvective layer, cm 


content, fraction dry weight, i.e., grams 
per grams of dry material 

content of dry wood 

content of green wood 


of a substance, g ee 


nsity of wood, (oven dry weight)/(green volume) 


of sap (water) 


differential equation 


; =v 
resistance, s cm 


of heat liberated, cal Pale ae 


1 simulation model of 2-dimensional section 


lying in the radial-longitudinal plane 


Sapwood/heartwood interface 


Sapwood 


thickness, i.e., B/S to S/H, cm 


Temperature, 0 


Temperature measured at downstream sensor 


Temperat 


ure measured at upstream sensor 
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TR 
TR(nn) 


TR(nnP ) 


Numerical simulation model of 2-dimensional section 
of sapwood lying in the tangential-longitudinal plane 
Transpiration 

Transpiration calculated from heat pulse velocities 
at wound width nn, (nn in mm) 

Transpiration calculated from heat pulse velocities 
at wound nn, plus a correction for position of the 
sensor tips with respect to the S/H interface 


Transpiration as indicated by weight loss 


Volume of air in wood (void volume) 


Volume of water in green wood, fraction green volume 


Wound width, cm 

Distance from origin to a point on the "x" axis, cm 
Distance from heater at the origin to a sensor downs- 
tream 

Distance from heater at the origin to a sensor upstream 
Xylem pressure potential, Scholander bomb, MPa 


Distance from origin to a point on the "y" axis, cm 


Distance from origin to a point on the "z" axis, cm 


Lower case symbols 


exp 


Depth of sensor tip measured from B/S interface 
Diameter, outside bark, at breast height (1.4 m), cm 
Diameter inside bark, cm 

Diameter outside bark, cm 


Dry weight basis, g oe 


The exponential function, e 
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ln Logarithm to the base e 


odw Oven dry weight 
t Time, seconds 
te Time for temperature equilibrium with surroundings, s 
tp Time of maximum temperature rise, HPVP solution 
tz Time of null temperature difference, HPVT solution 
= 
u Sap speed, cm s 
Miscellaneous 
Gea, Functional notation: F is a function of the variables 


Xeand VY, €.<. Mew(D! ,pb) 
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CHAPTER I 
INTRODUCTION 
Transpiration 

Transpiration is an evaporative process at the surfaces 
of a plant whereby water is lost from the soil via a plant's 
water conducting system (Slatyer 1967, Salisbury and Ross 1978). 
In forests, transpiration averages 60% of the annual amount of 
water lost by evapotranspiration (Baumgartner 1967). The amount 
of water transpired can, in some instances, exceed the annual 
precipitation (Larcher 1975). From a hydrologist's point of 
view, transpiration is loss from a watershed, reducing streamflow 
(Colman 1953). 

Most of the water of transpiration escapes to the surround- 
ing air via stomatal openings, but some loss occurs through the 
cuticle of leaves and bark and through lenticils in the bark 
of some plants (Crafts 1968, Zimmerman and Brown 1971, Kramer 
and Kozlowski 1979). The "openness" of the stomata controls 
both the inward flow of carbon dioxide used in photosynthesis 
and the outward flow of water vapor. Thus, measures of transpira- 
tion provide the plant physiologist some basis for quantifying 
carbon dioxide uptake (Brix 1962, Larcher 1975, Salisbury and 
Ross 1978) and the hydrologist with an estimate of the water 
lost from potential streamflow (Colman 1953, Baumgartner 1967). 
Methods of measuring transpiration 

Transpiration occurs as a continuum from soil to plant to 
atmosphere (Phillip 1966) and it may be measured (estimated) 


as moisture loss from the soil, liquid flow through the plant 
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or vapour loss to the surrounding atmosphere. The five most common- 


ly used methods are (Kramer and Kozlowski 1979): 


1) 


2) 


3) 


4) 


5) 


Lysimetry, that is the weight loss through time from 

a plant growing in a water tight container (e.g. Frit- 
schen, Hsia and Doraiswamy 1977). 

Cut shoot or quick weigh, that is the weight loss from 
an excised twig or branch over a short time interval 
(e.g. Rutter 1968). 

Potometry, that is the volumetric uptake by an excised 
shoot, branch or a whole tree (e.g. Ladefoged 1960, 
Roberts 1977). 

Vapour loss into a plastic container from either a 
branch or an entire tree (e.g. Decker, Gaylor and 

Cole 1967; Greenwood and Beresford 1979,1980). 

Sap flow, that is the rate of upward movement of the 
xylem sap stream (e.g. Huber 1932; Dixon 1937; Ladefoged 
1963; Owston, Smith and Halverson 1972; Kline and others 


1976; Luvall and Murphy 1982). 


Each method has its proponents and critics. The first four will 


be discussed briefly. The last is the topic of this study. 


The cut shoot and potometer methods are simple and relatively 


easy to apply but cause obvious physiological problems if the 


measurements are to be continued over extended time. The vapour 


tent method was severely criticized by Lee (1966) because of 


the artifical transpiration environment and the uncertainty in 


interpretation of measurements from trees of differing size or 


form. The lysimeter method (van Bavel and Myers 1962) is generally 
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conceded to be the most accurate, but also the most expensive. 
Lysimeters, potometers and vapour tents have been used as controls 
for evaluating transpiration data obtained by other methods (Lade- 
foged 1963; Decker and Skau 1964; Lassoie, Scott and Fritchen 
1977). Interpretation and physiological questions aside, the 
above methods of estimating transpiration are of limited use 
in forests because of the sheer physical size of trees and the 
differing microclimates that exist in various regions of the 
. canopy (Leyton 1970). 
Sap flow and transpiration 

Techniques based on the measurement of xylem sap flow appear 
to be the most promising approach to the difficult problem of 
measuring transpiration from large trees (Leyton 1970). The 
transpiration stream has been described as a catena (van den 
Honert 1948), a chain where water from the soil passes through 
living root cells, xylem vessels or tracheids, living leaf cells, 
the intercellular spaces of the leaves, the stomatal openings 
and into the air layer around the leaves. In a woody plant such 
as a tree, most of the stem consists of xylem, the principal 
water conducting tissue (Esau 1977). The stem of a tree, is 
therefore, a place where the water of transpiration is concentra- 
ted. Near the ground is a physically convenient place to measure 
the flow in it. 

About 95 to 99% of the water taken up by plants is eventual- 
ly lost as transpiration (Salisbury and Ross 1978, Kramer and 
Kozlowski 1979). Therefore, sap flow through any cross section 


of a stem below the live crown, and transpiration from the crown 
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are approximately equal in magnitude if one allows for phase 
shift caused by temporary change in storage of water in plant 
tissues (Kramer 1962, Swanson and Lee 1966, Doley 1967, Leyton 
1970, Swanson 1972, Waring and Running 1978, Waring and Roberts 
1979). I will thus use the terms "transpiration" and "sap flow" 
as being fully equivalent throughout the remainder of this thesis. 
Sap flow calculations 

Xylem sap movement occurs primarily through the lumen of 
vessels in porous woods; in total through the lumen of tracheids 
in nonporous woods (Zimmerman and Brown 1971). Sap flow fone oe) 
can be calculated from some measure of sap speed (cm Se times 
functioning lumen area (ent or from sap flux (unit area sap 
flow, cm? ones a) times the xylem area (cm?) over which it 
applies. Sap speed or flux is generally determined with some 
trace material that is introduced into the sap stream. To determine 
transpiration, four things must be considered in addition to 
the speed or flux measurement: 1) the position or depth in the 
stem to which movement takes place; 2) the order of magnitude 
of sap speeds that may be encountered; 3) the cross-sectional 
area of the conducting tissue that is currently functioning; 
and 4) how to introduce and detect the trace materials without 
disturbing normal flow patterns (Marshall 1958, Leyton 1970). 
Heat has a decided advantage over other trace "materials" in 
that it can enter and be detected in the sap stream by thermal 
conduction through the wood structure without causing disturbance 
to the normal flow patterns, Marshall (1958). The first three 


are anatomical considerations which will be discussed briefly 
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in the next section. A heat transport method is the subject of 
this study and it will be discussed in detail in the chapters 
that follow. 

Anatomical considerations in sap flow measurement 

Stem structure 

In nontechnical terms, a cross section of a tree consists 
of bark on the outside, xylem or wood in the center, with a thin 
growing area of vascular cambium between them (Fig. 1) (Esau 
1977, Kramer and Kozlowski 1979). All of the cells of xylem, 
with the exception of the longitudinal and radial parenchyma, 
and those still differentiating within about 1 mm of the cambium, 
are dead (Stewart 1966). Thus xylem sap flow occurs through dead 
cells. 

As new increments of xylem are formed at the cambium, meta- 
bolic waste products, that are toxic or inhibitory to live cells, 
are translocated toward the center of the tree where they accumu- 
late to discolour the wood and cause the death of parenchyma 
cells to form heartwood (Stewart 1966). (There are dissenters 
to this concept of heartwood formation, e.g. Bamber 1976.) The 
portion of xylem, which lies between the cambium and the heartwood, 
which contains tracheary elements and living parenchyma cells 
is called sapwood (Fig. 1) (Panshin and de Zeeuw 1970, Esau 1979). 
Sap flow does not occur in the heartwood (Whitehead and Jarvis 
1981). Neither does sap flow occur in the transition zone (var- 
iously called dry zone, intermediate zone) between sapwood and 


heartwood in Pinus radiata D. Don (Booker and Kinninmonth 1977) 
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Figure 1. Idealized stem cross section illustrating the tissues 
of importance in xylem sap flow measurement. 
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even though living parenchyma cells are metabolically active 
in this zone (Whitehead and Jarvis 1981). 

Not all trees form heartwood, e.g. Alnus spp., Betula spp. 
(Stewart 1966, Panshin and de Zeuuw 1970). Where it is formed, 
the presence of heartwood delimits the possible extent of sap 
conducting xylem, i.e. it must be contained within the sapwood. 
Within the sapwood, the anatomical features of importance in 
measuring sap flow are; 1) the type of tracheary elements, 2) 
the diameter of individual tracheary elements, 3) the spatial 
distribution of functioning tracheary elements within a given 
growth ring, and 4) the total number of growth rings containing 
currently functioning tracheary elements. 

Nonporous woods 

In nonporous woods (softwoods, conifers), the tracheary 
elements are tracheids which form the bulk of the xylem tissue 
(Esau 1977). They range from 15 to 80 micrometers in diameter 
(Panshin and de Zeuuw 1970) with peak sap speeds ranging from 
75 to 200 cm nt (Hinckley, Lassoie and Running 1978). Tracheids 
formed in the spring (earlywood) are larger than those formed 
in the summer (latewood) (Kramer and Kozlowski 1979). Only the 
earlywood tracheids conduct sap (Whitehead and Jarvis 1981). 
Therefore, coniferous sapwood may contain concentric bands of 
non-sap conducting latewood which occupy up to one-half the width 
of a growth ring (based on saturated longitudinal permeability 
measurements and variation in intraring density, see Cown and 


Parker 1978, Booker and Swanson 1979). 
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Porous woods 
In porous woods (hardwoods, angiosperms), the tracheary ele- 
ments include specialized conducting elements called vessels 
which in cross sections appear as pores in the wood (Esau 1977, 
Kramer and Kozlowski 1979). Vessels range from 20 to 800 micrometers 
in diameter (Kramer and Kozlowski 1979). In ring porous species 
(e.g. Ulmus, Quercus) the vessels formed in the spring (200-350 
micrometers diameter) are much larger than those formed later 
(Brown, Panshin and Forsaith 1949), and sap movement is confined 
to the outer 1 or 2 growth rings (Kozlowski and Winget 1963). 
Peak sap speeds in ring porous woods range from 1550 to 6000 
cm Nia (Hinckley, Lassoie and Running 1978). In diffuse porous 
species (e.g. Populus, Betula), the size of the vessels is fairly 
uniform (60-120 micrometers diameter), they are distributed evenly 
throughout each growth ring (Brown, Panshin and Forsaith 1949), and 
sap movement can occur through many rings (Kozlowski and Winget 1963). 
Peak sap speeds in diffuse porous woods range from 120 to 625 cm ae 
(Hinckley, Lassoie and Running 1978). The variation in vessel 
size within a ring follows approximately the same pattern that 
Cown and Parker (1978) show for intra-ring density in ring and 
diffuse porous woods. The wood of some species (e.g. Juglans spp., 
Diospyros virginiana L.), have vessel arrangements and sap speeds 
intermediate to ring or diffuse porous trees. These are termed 
semi-ring or semi-diffuse porous (Panshin and de Zeuuw 1970). 
Location of flow in the sapwood 


Aside from the general assertion that sap moves within the 


sapwood, the actual area of the sapwood through which flow occurs 
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in any given instance, is poorly known. The staining patterns 
resulting from the uptake of various dyes, have been used to 
indicate the currently-functioning conducting tissue (Vité 1959, 
Vité and Rudinsky 1959). However Kozlowski and Winget (1964), 
indicated that more rings were stained, when dye was taken up 
from a cut across the sapwood, than when dye was taken up by 
the roots. This casts some doubt on the use of dye techniques 
to indicate sap flow pathways. Zimmerman and Brown (1971) suggest 
that the emptying (cavitation) of vessels or tracheids (of water) 
is irreversible and that once emptied, they cannot be refilled 
to become a part of the conducting system. However, Waring and 
Running (1978) consider cavitation (at least in conifers), to 
be reversible so that the conducting area may recede or expand 
depending upon plant water status. If the cavitation of tracheary 
elements is irreversible, then a measure of the volume of air 
in any portion of sapwood may indicate its permeability (Puritch 
1971), i.e., its capability to function in sap conduction. Proven 
techniques to delineate the portion of sapwood that is functioning 
at any given time are lacking and this is an area in need of 
further study. 
Thermal-sapflow measurement methods 

General flowmetering analogy 

There are two ways to use tracers to measure fluid flows which 
are useful analogies to thermometric methods. 

1) By determining the speed of tracer transport from one point 

to another (@strem 1964). Flow is calculated from flow 


geometry, cross sectional area and speed (Venard 1957). 
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2) By determining the concentration or rate of change 
in concentration at either the point of injection or 
some point downstream. The change, or rate of change, 
in concentration is an indicator of mass flux (Church 
and Kellerhals 1970). 
Heat has been used as a "trace material" in sap flow experiments 
in both ways, that is both as an indicator of sap speed (Huber 
1932, Huber and Schmidt 1937) and as an indicator of flow density 
or flux (Marshall 1958). It is in connection with the applica- 
tion of these two differing measures that sapwood anatomy becomes 
important. 

Huber method 

In the Huber (1932) method, the surface of a 4 mm diameter 
stem was heated for 1 to 5 s. The time from heat application 
to the first indication of temperature rise at 6 to 31 cm down- 
stream (usually 6 cm) was noted. The distance between heater 
and thermocouple was divided by this time to obtain sap speed. 
According to Huber (1932), this technique is suitable for sap 
speeds greater than 60 cm aoe i.e. it is fully applicable in 
ring porous woods, and marginally applicable in diffuse porous 
woods. 

Huber and Schmidt (1937) recognized that heat conduction 
through the wood substance interfered with the heat pulse carried 
by the sap stream at low sap speeds. They proposed a sensing 
configuration in which one temperature sensor was placed 2 cm 
downstream, a second 1.6 cm upstream, to compensate for thermal 


conduction. The time of peak warming of the upstream temperature 


10 nat aenint Fo sie at wake “ | 
-Syteds To ste 76) egy oats sine | hie i" 
fost) xvi) eenm Net apbecinas mation = 5 
s3epmiteqxs wold que wi "Labvedda sone s — a 

teduH) besge qas fo smtesibal ag 45 penn ; P (a . 


yr raned wold 20 vodasdbod ‘ne aw Bee (Veer voings® Ban ire 
v ‘he: ; , 


aenitqge ait daiw aakzoandoo! dbveb at! (eeeL ad 


nomosad yYRoIROn boowges Wad) eedseiow geirsi22b ows 9 


ssdomelb em #6 Ro snthineh: as ee | 
novi sesbiggs tHad aod, ma? | avi: rer 

-nwob my #03 a 4m ets wt ter oq@sd Lok 
192hed neowiad sonngeRh 60T! i i tar bu 
-boag® qhe wisido od Bimes elie dé batiteee oat 8 
ae cist a eldesive ab dopiimiogd aia ARON) 4 

ni sideoe tye verona Sa Boe 9! 08 


rvoroq paut32b al chad renee 


\ 
NK 


anitowbnes: aaot ieee 
_ betstad selug: ‘tesa 
auizns: = ‘bee ‘ 


11 


sensor compared to the one downstream, was used to arrive at 
a convective velocity, free of thermal conduction interference, 
and equivalent to that obtained with the one-sensor method. 
They state that this method is usable in conifer or diffuse porous 
woods to zero sap speed with an accuracy of + 5 cm hae, 

Marshall method 

In the Marshall (1958) method, the heater and temperature 
sensor are implanted 1.5 cm apart into the sapwood. The heater 
is activated for 1 to 2 s and the rate of temperature rise through 
time is noted at 1 minute intervals for 3 to-7 minutes. Heat 
pulse velocity (HPV), which is defined as the weighted average 
speed of the moving sap and the nonmoving wood moving together, 
is determined from an analytical solution to the thermal diffusion 
equation for heat transfer by coupled convection (sap movement ) 
and conduction. The HPV value is averaged over a 1.5 to 2.0 
cm diameter area centered on the temperature sensor (Marshall 
1958). An assumption of homogeneity of flow throughout this area 
is implicit to the use of the analytical solution. Thus the heat 
pulse velocity method of Marshall (1958) is applicable only in 
woods where there is a reasonably uniform spatial distribution of 
functioning tracheary elements over a sapwood width of 1.5 cm or more. 

Differences between the Huber and Marshall methods 

A significant difference between the Huber approach (Huber 
1932, Huber and Schmidt 1937) and that of Marshall (1958), is 
the measure of velocity that is obtained. Because Huber's approach 
involves only the time of travel of the pulse of heat, the velocity 


obtained is closely related to actual sap speed. The Marshall 
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approach considers both the time of travel and the magnitude 
of the pulse. Since heat is lost from the sap while it moves 
through the stationary wood, the heat pulse is both delayed and 
reduced in magnitude at the point of measurement, either up or 
downstream. (The effect of this time delay is present in Huber's 
approach too so that it does not yield true sap speed. The problem 
that I have outlined here, is not the only difference between 
the Huber and Marshall methods.) According to Heine and Farr 
(1973), the velocities obtained by these two approaches differ 
on the average by a factor of 20; that is, Huber's method yields 
a convection velocity that is 20 times larger than Marshall's 
heat pulse velocity. 

With either the Huber or Marshall methods, sap speed or 
heat pulse velocity are only partial components of total sap 
flow. To obtain sap flow, sap speed must be integrated over 
functional lumen area or heat pulse velocity must be combined 
with sapwood density and specific heat (which are functions of 
Sapwood moisture content), and integrated over the functional 
sapwood area. 

Many researchers, myself included, have not fully appreciated 
the fundamentally different approaches of Huber and Marshall. 


A basic problem has been misinterpretation of the values measured, 


i.e., sap speed is not heat pulse velocity. The literature contains 


several "heat pulse velocity" methods and the term "heat pulse 
velocity" has not retained the precise meaning that Marshall 
(1958) stated, i.e., "the stationary wood and the moving sap 


act like a single medium moving at a speed defined by V." For 
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example (see Table 5 in Hinckley, Lassoie and Running 1978), 
heat pulse velocity may refer to peak sap speed, average sap 
speed, some unknown index to sap speed or to an average of con- 
ducted plus convected heat pulse speed depending upon the technique 
used to obtain the temperature data and the equation(s) used 
to operate on that data. In addition, other types of thermometric 
methods, neither based solely on sap speed nor on heat flux but 
considered by others as equivalent to the heat pulse method (e.g. 
Kramer 1969, Kramer and Kozlowski 1979), have been published. 
Confusion in the thermometric flow literature 

There is a confusing body of literature containing accounts 
of attempts to use some form of thermal technique to study sap 
movement. These fit into three broad categories. 

a) Those using the sap speed approach of Huber and cohorts 
(Huber 1932; Huber and Schmidt 1936,19373; Dixon 1937; 
Bloodworth, Page and Cowley 1955; Ladefoged 1960; McNabb 
and Hart 1962). 

2) Those using (and in some instances misusing) some form 
of Marshall's (1958) heat pulse velocity (heat flux) 
analysis (this technique will be covered in much greater 
detail in the next chapter) (Closs 1958; Swanson 1962; 
Doley and Greive 1966; Wendt, Runkles and Hass 1967; 
Morikawa 19723; Stone and Shirazi 1975; Balek and Pavlik 
1977; Miller, Vavrina and Christensen 1980; Cohen, 

Fuchs and Green 1981). 
3) Miscellaneous thermal budgeting and exotic heating 


techniques (Vieweg and Ziegler 1960; Daum 1967; Leyton 
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1967; Ittner 1968; Redshaw and Meidner 1970; Pickard 

and Puccia 1972; Cermak, Deml and Penka 1973; Pickard 

1973; Sakuratani 1982). 

Several of the techniques in the citations above should 
be exploitable for sap flow measurements. Marshall's (1958) 
implanted line heater method has been widely used; it is the 
simplest and perhaps the only technique applicable in wide sap- 
wooded coniferous or diffuse porous trees, which approximate 
the thermally homogeneous conditions stated by him. Daum's (1967) 
thermal budget of an entire stem and the applied-heat budget 
described by Cermak and others (1973) are two methods that appear 
particularly promising for use in ring porous trees. Sakurtani 
(1982) used an approach similiar to Daum (1967), and Cermak and 
others (1973), to determine sap flow in rice and soybean stems. 
The temperature ratio methods of Leyton (1967) and Ittner (1968) 
offer the possibility of continuous recording after being cali- 
brated for a particular situation. And certainly the "first 
onset" technique (Huber 1932, Huber and Schmidt 1936) and the 
"compensations method" (Huber and Schmidt 1937) may be empirically 
calibrated for specific instances to provide useful measures 
of water movement. 
Thesis objectives 
In spite of the amount of work done using thermal methods 

for estimating sap flow, no method has been successfully applied 
in direct, quantitative calculations of transpiration against 
measured controls. The number of reported attempts are few (Doley 


and Greive 1966; Cohen, Fuchs and Green 1981; Swanson 1974a) 
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and in these instances, the calculated quantities were in the 
range 0.45 to 0.65 of that actually measured. There appears 
to be no theoretical reason why heat transport methods should 
not work. It is likely that some of the theoretical conditions 
are not being met in practice. My principal concern remains 
to investigate transpiration in large trees without recourse 
to empirical coefficients or calibrations. The most advanced 
and promising theory for this application is that of Marshall 
(1958). My objective in this study was to examine the implanted 
point sensor, line heat source, heat pulse velocity method as 
described by Marshall (1958), in its application to the measurement 
of sap flow in the sapwood of conifer and diffuse porous trees. 
My goals were: 
1) To conduct a theoretical analysis of the physical heat 
conduction and convection system that will account 
for normal thermal property discontinuities that exist 
in nonporous and diffuse porous woods and those caused 
by the implanting of sensing probes. 
2) To verify experimentally any new theory or instrument- 
ation techniques that evolve from this analysis. 
3) To propose practical instrumentation and analyses tech- 
niques and the conditions under which they are valid 
for measuring sap flow in conifers and diffuse porous 


trees. 
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CHAPTER II 
ANALYTICAL HEAT PULSE VELOCITY THEORY 

Description of the physical problem 

The physical problem to be examined is one of 3-dimensional 
heat flow in functional sapwood with differing thermal conduct- 
ivities in the longitudinal (x), tangential (y) and radial 
(z) directions. A line heater lies along a radius (z axis 
at X = Y = 0) which is inserted through the bark, vascular 
cambium and into the sapwood. The heater may or may not pen- 
etrate the heartwood. One temperature sensor is installed 
in a similiar manner a positive distance Xd downstream (above 
the heater) from the heater and in the x-z plane. A second 
temperature sensor identical to the first, may or may not be 
installed at Xu, a negative distance upstream (below the heater). 
(Within this thesis, I will refer to the sensor(s) and heater 
collectively as "probes", individually as sensor or heater.) 
A probe configuration designated (-0.5,0,1.0 cm) means a temper- 
ature sensor at -0.5 cm upstream, a heater at the origin, and 
a second sensor 1.0 cm downstream. The probes occupy space 
originally occupied by sapwood within which sap moved through 
tracheids or vessels, and their thermal properties differ from 
those of bark, cambium, sapwood or heartwood. 

Initially, the heater, temperature sensors, wood, cambium 
and bark are all at the same (ambient) temperature. The heater 
is activated for a short time period (1 to 4 s), raising its 


temperature from 5 to 40 °c. Heat is conducted in the longitud- 
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inal, tangential and radial directions in accordance with their 
directional thermal conductivities Kh, K® and KT respectively. 
In addition, heat is carried (convected) downstream by sap 
streams which are heated during their passage through the wood 
near the heater. The sap streams carry heat forward at a rate 
faster than it is conducted longitudinally and the convected 
heat wave loses heat to the colder wood as it passes through 

it. The sap streams are interrupted in the plane of the sensor- 
heater so that heat arrives at the sensor(s) by conduction 
through the sapwood in the plane of the sensors and by conduction 
plus convection through the wood immediately adjacent on both 
sides of the sensor-heater plane. Either continuously or at 
periodic intervals, the temperature registered by the sensor(s) 
is recorded. These temperature values are used to solve for 


heat pulse velocity using one or more of the solutions given 


below. 


Idealized heat transport theory 
Partial differential equation (PDE) in 3-dimensions 


In the idealized case, a linear heater and point temperature 
sensors without physical size or mass are installed radially 
into the xylem. Heat conduction in the longitudinal, tangential 
and radial directions, plus convection in the longitudinal 
direction must be accounted for. With sap flow in the x-direct- 
ion (longitudinal), one may write for temperature (Marshall 


1958, Carslaw and Jaeger 1959). 
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pc(@t/at) = Ki (d*t/ax7) + K(a2r/ay2) + K™(a2T/dz2) 


+ auPsCs(QT/dx) + Q(X,Y,Z,t) (1) 


where T (°C) is temperature departure from ambient; t is time 
(s) from initiation of heat pulse; u is sap speed (cm aiid ya 
a is the fraction of xylem cross sectional area occupied by 

. 2 —2 = =e 
moving sap streams (cm“ cm “); Ps (g cm ~) and Cs (cal g 
cv!) are density and specific heat of the sap (considered equi- 


: Sonay are density 


valent to water); P (g em? >) and C (cal g- 
and specific heat of the combined wood~-sap mixture; mu x* 
and K* are the longitudinal, tangential and radial thermal 


sf 


conductivities (cal s_ cud 903") of the mixture; and Q is 


internally generated heat (cal Eee se OE 


Definition of heat pulse velocity 

Equation 1 is the same form as conduction in a moving 
medium with movement in the "x" direction (Jakob 1949). It 
is from this equation that the rather peculiar definition for 
HPV (Eq. 2) arises (Marshall 1958); i.e. "a weighted average 
of the velocities of the sap and stationary wood substance." 
One can extract sap velocity "u" from HPV if the fraction "a" 
and the specific heat and density of the combined wood-water 
mixture are known. However, according to Marshall, sap flux 


(Eq. 10, p. 23), the "au" portion of Equation 2, is more useful 


than sap speed for most comparison purposes. 
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Analytical solution to PDE, idealized case 


Marshall's (1958) concern was with a two-dimensional simplification 
of the above three-dimensional heat flow equation in the longitudinal 
and tangential directions. He considered uniform sap movement 
and thermal properties along the z-axis (stem radius) and showed 
iHae when Q represents an instantaneous heat pulse at X=Y=t=0, 
the heater and sensors are infinitely small, the xylem infinitely 
large, thermally homogeneous and isotropic (x! = a and sap 
streams are uniformly distributed, Equation 1 may be solved 


Edt Ts: 
Z Z oO 
T = cqytmoedexp-ffx - HPVvt)” + Y Je} C (3) 


where diffusivity D = K/PC. 
Equations to extract HPV's from time-temperature data 

Equation 3 may be manipulated in several ways to extract 
HPV from the temperature variation with time at one or more 
points (X,Y) in the xylem. Reference to Figure 2 will help 
to illustrate the following derivations. 

Single sensor, fixed time, HPVM 

Marshall (1958) considered a single temperature sensor 

downstream from a heater, read at three successive times th» 
t, and t, such that ts = 3t, and t, = 2t, (Fig. 2a), and derived: 


= 5 -1 
HPVM = r eying, - e510) /t 9851008, /R)| cm s (4) 


5 


where r = (x? + y7) is the distance from heater to sensor 


wot ter tthtgmia Isnotunsnth-owa * my i Leics 
fanibedtgoo! ef? ni cokieups wort teorl lsliethakaliainy 
idomsvom qse mp ine Ren atiaeR ae 5 j 

bewode bos Aaulbee iat sina ala yl 129 
Onse¥eX 30 se kuq went euosnadnetand Bh 2 a 


Yfosictrini molyx sithiame cleanin} pike i 


- Ny " eS 
% ped 


Athos 


qs2 Sap 2 - *#) stqerdons bone ie eenL 


bev lor, ad yao { ootasuph Jbosudidels yin 


(€) 3 saan » * caver = 2ii-ax 


» 


hime | er q tinal a , 
VEC aie 
Bish suIes9qmej~Smba umer VH dom SxXe 03 
J2073K909 sysw Issgvbe mi) he dajushnke-e8 dite C 
stom tO S70 In emt ftdw aoktpizay-; 


alad Itiw % ——e (ren renin 


ae j 


om Bpnye) ones 


Cay 


20 
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Figure 2. Plots of temperature rise versus time for the various 
solutions of Equation 3 with HPV = 5 cm/h. (A) Temperature 
rise at one sensor located 1 cm downstream from the heater 
(0,1.0 cm). (B) Temperature rise at the downstream sensor 

and at a second located 1 cm upstream (-1.0,0,1.0 cm). (C) 
Temperature rise at the downstream sensor and at a second 
located 0.5 cm upstream (-0.5,0,1.0 cm). (D) Temperature 
difference at 1 cm downstream, 0.5 cm upstream. 


) a ha 
at mt f 
¥ 4 ¥ 4 
Tay, 
} ' 
7 MA 
Sy ta 
_ fin i ’ a 
. : . Darel A 
y i JC mi ve - “te 
‘ ve 5 ’ 
ca ha) 
st , 
h 5, a nl 0% J 
: ~ 
| ; i. 
a Res 
| ‘ ; Y 
SF EG ee 6 He: Oe se - “ ’ - ite . , . . 
t’ ee a ee aL Tee a . . 


N\ j i7ver 6 
as * La : 


er +. | 
a a ee | 
COMTDIE VBA TAH BONTE ZAIT 


sucttay oft 10% smi3 euetov sett studereqe02 Yo etele JE 
etudervoqmeT (A) .f\eo @ © VIN iw € odissupy te ene 
tTeised od3 mor? muetsenwob mm 1 be3sc00!l 10snee Se oe 
peanbe meaztemwob od3 36 oeit sivisxeqasT (5 
(9) fom 6.1,0,0.1-) whevseqy m- { betss0l ba 
baoose'& 12 baa sokmaP megademwob ef3 jn seb 
stusssoqme? (0) .(mo OVE,0.2.0-) msoviaqu op £ 
MBS DOK us mo 2.0 .mesiienwob op f om. 


“i aS 


». 


(note that since solutions are generally obtained at Y = 0, 
r =X), Ry = T,t)/Totos Ro = T,to/T3t, and TT)» Ty and T, are 
temperature rise above ambient at times tis to and t, respect— 
ively. 

Single sensor, fixed time, thermal diffusivity, D 

He also derived Equation 5 for thermal diffusivity (D) 
where the symbols have the same meaning as in Equation 4. 
ChintR. (Ro) em aeeae (5) 
3 ae 


ree $ > 2 
D= 0.5(t, t,) r /tjt, 


Two sensor symmetrical configuration, HPVS 


Marshall (1958) suggested that Equation 6 might be more 


appropriate than 4 for very slow sap movement: 
HPVS = (D/r)1n(Td/Tu) cm and (6) 


where Td/Tu is the ratio of downstream to upstream temperatures 
at points Xu, Xd, equidistant upstream and downstream from 
the heater (Fig. 2b). This equation is independent of the 
time that the temperature ratio is measured but does require 
some measure of D. 

Single sensor, time of peak temperature, HPVP 

Marshall (1958) derived Equation 7, by setting the time 
derivative of Equation 3 equal to zero, to obtain a solution 
in terms of the time of maximum temperature rise, tp (Fig. 


2a). 
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lL, 78 
HPVP = (r2 - 4Dtp)*/tp cms : CH) 


Two sensor, asymmetric, time of null temperature, HPVT 


Swanson (1962) considered solutions to Equation 3 at two 
temperature sensors, one upstream a negative distance -Xu, 
and the other downstream, a distance Xd, from the heater (Xu 
+ Xd # 0, sap movement # 0). After a temperature rise has 
been registered at the upstream sensor (Fig. 2c and 2d), then 
at time tz when Tu = Td: 


HPVT = (Xu + Xd)/2tz cm ane (8) 


Equation 8 is particularily well adapted to manual determinations 
as it requires only a sensitive null detector and a stop watch 
to implement. The tz's are the only data that the observer 
must note. 

Closs (1958) also derived Equation 8 but from theoretical 
analysis of a plane heat source in one dimension, demonstrating 
that this solution is independent of heater geometry. The 
identical working equation and the general similiarity of heat 
transport solutions (exponential form as in Eq. 3) apparently 
confused Morikawa (1972) who used the plane heat source theory 
to describe a line heat source application. 

Two sensor, asymmetric, fixed times, HPVA 

To obtain a solution more suited to digital recording 


than manual reading, the two sensors of Swanson's (1962) config- 
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uration can be read at any two times t) and t (Pig. 2¢)% 


+2 
HPVA = (Xu+Xd)(t Ins )-t,1ns,)/2t,t,1n(s ,/S,) cm s (9) 


where S, = Td/Tu at time t 


1 and S, = Td/Tu at time t 


1 2 20 

Note that none of these formulations require determination 
of actual temperature; only temperature ratio or difference. 
This has important implications for instrumentation. 
Auxiliary equations 

Sap flux 

For most purposes, the quantity of interest is sap flux 
i.e., the unit-area rate of sap flow. This is the "au" term 
of Equation 2. Marshall (1958) showed that: 


Sap Flux = au = Pb(Cdw + Mgw)HPV ae Aart ae (10) 


where Pb is basic wood density (oven dry weight)/(green volume), 
Mgw is the moisture fraction (wet weight ~ oven dry weight)/(oven 
dry weight), and Cdw is the specific heat of dry wood which 
Dunlap (1912) showed to vary slightly with temperature as: 


Gig Gd 0426 Gare anGbh6 pidalee 7 wea (11) 


ce il, at 
where T 1s in C. 
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Thermal conductivity of wood 


The conductivity of wood is related to its moisture content 
and basic density (Siau 1971). Longitudinal conductivity heed, 
1 art O71 


cals c »' is given by Siau (1971) as: 


Kk! = 0.0001(21.0 - 20.0va) (12) 


with fractional void volume per can of wood (Va) defined as: 
Va = 1.0 - Pb(0.667 + Mew) (13) 


Tangential and radial conductivity (x x") are approximately 


equal and given by (Siau 1971): 
t r he 
K' = K = 0.0001 [22-2 emides(Va) | (14) 


The literature contains few references to thermal conduct- 
ivity of wood in living trees. According to Siau (1971), thermal 
conductivity in the longitudinal direction is about 2 to 2% 
times greater than that in the tangential or radial directions. 
This is apparently true in cases where the wood moisture content 
is below fibre saturation point. However others have found 
that conductivity in all directions approaches that of water 
as wood moisture is increased above fibre saturation (Turrell 


and others 1967; Herrington 1969; Steinhagen 1977). Turrell 
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and others (1967) calculated thermal conductivity of wood at 
a particular moisture content (Kgw) by summing the fractional 
conductivities of water and dry wood in the appropriate direct- 


ions Gq). «15 )i 


Kgw = VgwKwa + (1.0 - Vgw)Kdw (15) 


Where Vgw = PbMgw i.e. moisture content by volume, Kwa = thermal 


conductivity of water (0.00144 cal at cmp Poa) 


thermal conductivity of dry wood (cal Srcwivoe) in the desired 


» and Kdw = 


direction. If one uses Equations 12 and 14 for dry wood thermal 
conductivity (Va is then a function of Pb only when Mgw = 0) 

in the appropriate directions, and Equation 15 to calculate 

the thermal conductivity of the wood-water mixture, then the 
longitudinal and radial or tangential values do approach that 

of water at high moisture contents. 


Thermal conductivity K is related to thermal diffusivity 


D = K/PC ant s (16) 


where P and C are density and specific heat, respectively. 
Wood moisture content from thermal diffusivity and basic 
density 
It is possible to calculate wood moisture content, Mgw, 


using Equation 17, from diffusivity, Equation 5 and basic density 
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(Pb), by combining Equations 12 and 13 or 12 and 14 and the 


definition for D, Equation 16 with Equation 15. 


Mew = (Kdw - 0.33PbDgw)/(Dgw - Kwa + Kdw) (17) 


The subscripts dw, gw, wa refer to drywood, greenwood and water 
respectively and Cdw is taken as 0.33. (Note that the diffusivity 
and conductivity of water are equal, i.e., Dwa = Kwa.) The 

Dgw is the thermal diffusivity of moist wood at Pb calculated 
from implanted sensors using Equation 5. Either Dew or Dew 

can be used in Equation 17 provided Kdw is similiarly defined. 
However, longitudinal diffusivity Dew) is probably best suited 
to this application because of its wider range in magnitude 

over the moisture contents of physiological interest. ee 

in wood of Pb = 0.40 at theoretical saturation (Mgw = 1/0.40 
1.0m 650 cede BSG ac ol Ogee teDuO0Ienine abehwand iat Mowts 

1.i0% Sie = 0.0018. In contrast, Dew at saturation moisture 
content is 0.0013 and only increases to 0.001367 at Mgw = 1.0. 

I suspect that measures of Dew to four significant figures 

would be quite difficult under field conditions. One can deter- 
mine ben to two, or perhaps even three, significant figures. 
Although moisture content has been used to estimate thermal 
conductivity, I have not found reference to in situ determin- 


ations of sapwood moisture by this means (Eq. 17). If this 
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proves to be a practical approach, it would represent a signif- 
icant advance in the nondestructive monitoring of tree moisture 
content. 

To estimate transpiration or total sap flow, one must 
integrate sap flux (Eq. 10, p. 23) over the sap conducting 
xylem area which must be measured or estimated. The integration 
requires determinations or estimates of HPV, Pb and Mgw over 
this area. The annual variation in wood basic density, Pb, 
in Engelmann spruce (Picea engelmannii Parry) and lodgepole 
pine (Pinus contorta Dougl.), was less than 5% (Swanson 1967a) 
and it can probably be taken as a constant for a particular 
tree. Both HPV and Mgw may be obtained in situ from the same 
data if it is taken to satisify Equations 4 and 5 (p. 19,20). 
Conditions for application 

Marshall (1958) stated, or implied through his discussion, 
that several physical conditions should be adhered to in the 
application of this idealized analytical theory to specific 
sap flow measurement situations. In my opinion the four most 
important ones are: 

1) The tip of a temperature sensor must be implanted 
deeper than 4 to 1 cm in the sapwood in order to 
limit the affect of heat loss at the surface of the 
stem. 

2) The sensor and heater diameters must be a small frac- 


tion of the distance(s) between them. 
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3) The sapwood must not contain layers of nonconvective 
material which require appreciable time to reach 
thermal equilibrium with their surroundings. 

4) Sap flux, not heat pulse velocity, should be used 
to compare sap flow rates against each other or against 
external measurements such as evaporation at the 
leaves or water uptake by the roots. 

The first criterion is reasonably objective. It limits 
application to the center of 1 to 2 cm diameter stems composed 
entirely of sapwood or to the center of sapwood layers 1 to 
2-em\ thick: 

The second criterion was not specifically stated by Marshall 
(1958), but it is suggested by his discussion of experimental 
apparatus and absence of thermal homogeneity. He implies that 
the error in HPV measurement caused by finite-sized apparatus 
increases as the distance between sensor and heater decreases. 

I interpret these errors as arising from distortion of the 
temperature field caused by thermal interaction between the 
materials of the heater and sensor when in close proximity. 

The more they are separated, the larger each probe can be without 
increasing error arising from this source. Marshall's exper- 
imental apparatus consisted of a 0.076 cm diameter sensor 1.5 cm 
downstream from a 0.25 cm diameter heater. Their average di- 
ameter is 11% of the distance between centers: therefore, 

10% of separation could be used as an approximate criterion 


for probe diameter. 
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The third criterion can be met if the thermal equilibrium 
time of any nonconvective layer can be made negligible. There 
will always be some nonconvecting tissue in the immediate vi- 
cinity of the HPV probes, because the act of drilling holes 
to implant them in functioning sapwood, must sever vessels 
or tracheids. Thermal equilibrium time, te, is dependent upon 
thickness of this nonconvective material and the thermal diffus- 


ivity of it. Marshall (1958) gives: 


te 3L°/8D S (18) 


where L = thickness of nonconvective material (cm). Marshall 
further implies that some fraction of measurement time may 
provide a criterion for specifying a minimum acceptable equil- 
ibrium time. The minimum duration of a measurement, that is 
the length of time from heat pulse initiation to the first 
temperature measurement used in the fixed-time Equations, 4 
and 9 (p. 19 and p. 23), can be selected by the experimenter. 
For the purpose of this discussion, I am assuming that a te 

of 1% of the first time interval after the heat pulse, is accept- 
able. Marshall used 60 s intervals in his applications of 
Equation 4; therefore a te of 0.6 s may be appropriate. If 
Dgw = 0.0012 cue ave in the tangential or radial direction 


(Herrington 1969), then any nonconvective thickness, L, less 


than 0.04 cm would not cause significant departure from thermal 
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homogeneity. At first glance, it would appear that time measure- 
ment intervals could be made sufficiently long so that almost 
any size of probe, or sapwood with vessels in any arrangement, 
could be made to behave as thermally homogeneous. However 
practical time limits are set by the magnitude of temperature 
increase that can be conveniently created, without causing 
physiological damage to the tree, and by the exponential rate 
of decay of that temperature pulse with time. The temperature 
rise from a modest heat pulse input is detectable for a minimum 
of about 300 s (Swanson 1974a). If data to satisify Equation 
4 were taken at 100 s intervals: a te of 1 s with the above 
thermal constants would establish a maximum nonconvective thick- 
ness of 0.05 cm. Any nonconvective material wider than 0.05 cm 
within the 1.5 to 3 ome cross section influencing the sensors, 
would make the tissue nonhomogeneous. This width could be 
used as a criterion to determine if Marshall's (1958) idealized 
analysis is usable or not. 

The importance of the fourth criterion is illustrated 
on Figure 3. Waring and Running (1978) and Waring, Whitehead 
and Jarvis (1979) indicate that the relative water content 
(RWC) of stem sapwood may decrease by as much as 20 to 254 
over a season. Considering Pb = 0.4, Mgw (dwb) at saturation 
would be 1.85. Curve A (Fig. 3) is at RWC = 0.8; curve B, is 


at a relative water content 25% less, i.e. 0.55. If the 
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Figure 3. Theoretical plotting of sap flow through a constant 
sapwood area versus heat pulse velocities at Mgw's of (A) 
1.5, (B) 1.0, (C) 0.5. The importance of a reasonably accurate 
estimate of current sapwood moisture content in calculating 
sap flow from heat pulse velocities is indicated by the example 
set out by the dashed lines. These show that at a constant 
sap flow of 10 mL/h, HPV's would be 13.7, 18.8 and 30.1 cm/h 
at the three moisture contents respectively. With a decrease 
in moisture content from 1.5 to 1.0, which is a physiologic- 
ally realistic possibility, heat pulse velocities would over- 
estimate actual sap flow by 40% if the sap flux calculation 
was not adjusted to the lower moisture content value. 
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Same transpiration rate existed at both of these moisture con- 
tents, HPV would increase from 14 to 20 cm not with no real 
change in sap flux. However it should be noted that the use of 
sap flux will produce the same results as would be obtained with 


HPV unless Mgw is determined concurrently with HPV. 
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CHAPTER III 
IDEALIZED HEAT PULSE VELOCITY PRACTICE 
Introduction 

There is an evident need for a rapid, simple method for 
measuring tree transpiration. In forest hydrology or forest 
micro-meteorology one encounters numerous studies of the relation- 
ship between actual transpiration, potential transpiration 
and plant water stress in differing vegetative canopies (e.g. 
Idso, Reginato and Farah 1982; Bringfelt 1982). In forest 
physiology, transpiration is frequently one of the primary 
independent variables correlated with other physiological pro- 
cesses such as photosynthesis and respiration (e.g. Troeng 
and Linder 1982). 

In view of such wide use for transpiration measurements, 
the relative simplicity and speed of obtaining heat pulse data, 
and the fact that the Marshall (1958) method is based on accepted 
heat transport theory, one would expect the heat pulse technique 
to be widely accepted and used. It is not. There are several 
accounts in the literature of new or improved instrumentation 
to implement Marshall's theory. There are a few reports on 
correlations of HPV's with environmental or physiological param- 
eters affecting transpiration, a very few reports of attempts 
to correlate HPV measurements with actual transpiration, and 
even fewer of attempts to calculate transpiration directly 


from HPV's, sapwood moisture content, density and area. 
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My purpose in this chapter is to review the uses of Mar- 
shall's (1958) theoretical analysis by; 1) an examination of 
the ways in which the several analysis techniques have been 
implemented, 2) an examination of the type of problem that 
has been approached using HPV, and 3) my opinion as to whether 
or not each user's application violated any of the criteria 
given in Chapter II (p. 27). Lastly, I will summarize what 
I believe to be the sources of the difficulties that users 
have encountered in practical application of the heat pulse 
velocity method. 

Both Marshall's (1958) analysis with line-heater point- 
sensor internal to a stem and Closs' (1958) analysis with plane- 
heater point-sensors external to a stem, have been used inter- 
changeably or inappropriately in several of the reports reviewed. 
Closs' method is applicable only with small stems (probably 
less than 1 cm diameter); Marshall's with those much larger. 
All of Marshall's criteria (p. 27), except the one relating 
to probe implantation depth, are applicable to Closs' method 
as well. Where both have been cited in a report, or the applic- 
ation is not clearly one or the other, I will comment on the 
applicability of both. However, my focus in this study remains 
on the application of Marshall's method to large trees. 
Representative applications of Marshall's method 

HPVM 

Wendt, Runkles and Hass (1967) report the only published 
use of the HPVM technique (Eq. 4, p. 19) that I could find. 


They obtained correlations between transpiration as indicated 
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by weight loss of potted mesquite seedlings (Prosopis glandulosa 
var glandulosa Torr.) and HPVM. They do not state whether 
the sensor was implanted or external to the stem. They cite 
both Marshall (1958) and Closs (1958) but it is not clear whether 
either technique was actually used. They obtained regression 
equations with correlation coefficients ranging from 0.81 in 
1.6 to 1.7 cm diameter stems, to 0.97 in 0.2 to 0.6 cm diameter 
stems. They do not mention encountering any difficulties in 
applying the technique, except that the analyses of the time- 
temperature curves were very time consuming, 

Wendt and others (1967) appear confused about the theory 
as they indicate that the single sensor HPVM analysis (Eq. 
4, p.- 19) gives a “conduction velocity" that must be corrected 
(they do not state the nature of the correction) but that the 
two sensor HPVT rae (Closs 1958) gives true sap velocity. 
Neither of these interpretations is correct as both give HPV 
as defined by Equation 2 (p. 18). Wendt and others (1967) 
results are little more than an empirical calibration of measured 
transpiration against some unknown type of "heat pulse velocity" 
determinations. 

I suspect that my success in using the HPVM technique 
is more typical of the results that others may have experienced. 
I used a single 18 guage (0.13 cm diameter) stainless steel 
hypodermic needle thermistor temperature sensor 1.25 cm down- 
stream from a similiar size line source heater (0,1.25; approx- 


imately the experimental configuration described by Marshall 
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1958). A heat pulse was created by connecting a 6-volt battery 
to the heater for 1 to 5 seconds. Relative temperature rise 
was read at 60, 120 and 180 s from a meter indicating the out- 
of-balance voltage across a bridge circuit in which the thermistor 
was the active arm. The results in using this apparatus, with 
sensors inserted 1] to 2 cm into the sapwood of 30 to 60 cm 
diameter ponderosa pine trees (Pinus ponderosa Laws), were 
an inordinate number of imaginary HPV's: in over 30% of the 
determinations, the term under the radical in Equation 4 (p. 
19) was negative. My instrumentation was not an obvious violation 
of any of the criteria (p. 27). I therefore attributed the 
imaginary readings to instrumentation difficulties arising 
from the crude transistor amplifier circuitry then available 
(1959-60). I also found that the analysis of time-temperature 
data by Equation 4 (p. 19) was very time consuming. Marshall 
(1962) apparently anticipated this dara reduction problem and 
published a set of nomograms to facilitate it. 

HPVP 

Cohen, Fuchs and Green (1981) used Equation 7 (p. 22) 
and a single 0.3 cm diameter sensor, implanted 1.5 cm (0,1.5 cm) 
downstream from the heater, that had six thermistors or thermo- 
couples mounted at 1.0 cm intervals along it, in order to simul- 
taneously sample the heat wave at several depths in a stem. 
They indicated that the main advantage of their technique was 
the capability of integration of sap flux by simultaneous measure- 
ment of HPVP at several depths in sapwood (this could be done 


with any of the analysis methods). They provided analyses 
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of errors associated with determinations of pi; tp and spacing 

of the sensor from the heater and concluded that a distance 

of 1.5 cm from heater to sensor was optimal. The diameter 

of their sensor is 20% of spacing, violating criterion 2 (p. 

27). The nonconvecting material associated with a 0.3 cm diameter 
sensor would also violate criterion 3 (p. 28). 

Stone and state (1975) used Equation 7 (p. 22) in an 
altered form to define "apparent heat pulse velocity" (Av) 
as Av = r/tp (where r and tp have the same meaning as in Eq. 
7). They showed mathematically that Av is always in phase 
with HPVP if Pb and Mgw remain constant, i.e., they assumed 
constant sap flux coefficients. Since both their sensor and 
heater were placed on the surface of the stems of 1.25 cm di- 
ameter cotton plants, and the heater extended only halfway 
around the stem, their application was of neither the Marshall 
(1958) nor Closs (1958) method. Their assumption of constant 
Mgw is open to question. Variation in moisture content would 
violate criterion 4 (p. 28), even though they do not explicitly 
utilize the sap flux equation (Eq. 10, p. 23) in their calcul- 
ations. 

HPV? 

Miller, Vavrina and Christensen (1980) reported an attempt 
to utilise Marshall's (1958) theory in ring porous oak trees. 
Although they used the same term "HPV" as in Equation 2 (p. 
18), they defined it as X/t, where X is the distance between 
heater and temperature sensor, and t is the time from heat 


pulse start to first onset of heat at the sensor,i.e., a def- 
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inition more akin to Huber (1932) than Marshall (1958). Because 
of anhe difference in definition and determination of HPV, 

the value they calculated was much more indicative of peak 

sap speed than it was of the heat pulse velocity defined by 
Equation 2. Values of HPV defined by Equation 2 have generally 
underestimated sap speeds by a factor of about 20 (Heine 1973). 
The "HPV's", as defined by Miller and others (1980), overest- 
imated average sap speed in oak. (I informed these authors 

of this misuse of the definition of "HPV" prior to publication. 
For some reason, they still persisted in using it.) 

Miller and others (1980) use of the instrumentation of 
Swanson (1974a), which was designed to measure HPV as defined 
by Equation 2, did not legitimize their misapplication of both 
technique and theory in ring porous oak. They could have deter- 
mined tp with the same apparatus and calculated HPVP (Eq. 7, 

p. 22). This would have made their use of Marshall's (1958) 
theory correct even though the theoretical assumption of homo- 
geneity, criterion 3 (p. 28), was probably not met. 

HPVT 

The asymmetrical two-sensor configuration of Figure 4 
and Equation 8 (p. 22), (Closs 1958, Swanson 1962) is much 
simpler to use than Equation 4 (p. 19). I published details 
of instrumentation to measure HPVT's in 1962, with improved 
stability in 1963 and with updated electronics and commercially 
available temperature sensor probes in 1974 (Swanson 1962, 
1974a; Skau and Swanson 1963). Accounts of other types or 


sizes of sensors, different spacings, differing electronic 
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Figure 4. Diagrammatic sketch of the assymetrical, two sensor, 
HPVT sampling scheme. The configuration shown here is (-0.5,0, 
1.0 cm). I install the heater 5 to 7 cm into the stem regard- 
less of the depth, d, at the active tip of the sensors. The 
heater is heated uniformly all along its entire length. 
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indicating or recording instruments, but all still using the 
same general configuration of Figure 4 and Equation 8 were 
published by Gifford and Frodsham (1971); Hinckley (1971la) 
and Morikawa (1972) 

Most implementations of the HPVT analysis technique violate 
criteria 2 and 3 (p. 27,28), in as much as the reported diameter 
of practically-sized sensors, (0.13 cm, Swanson 1962; 0.15 
cm, Hinckley 197la; 0.16 cm, Swanson 1974a), is much greater 
than 10% of the 0.3 to 0.5 cm separation used between the heater 
and the lower sensor, and the 0.04 to 0.05 cm width of noncon- 
vecting material for negligible thermal equilibrium time. 
Applications of idealized theory to specific problems 

All of the remaining citations employed some form of instru- 
mentation to exploit HPVT (Eq. 8, p. 22). The first six are 
published applications; the last two of unpublished studies 
that I started just prior to this thesis study. 

Detection of moisture stress 

Merkle and Davis (1967) used an external heater with sensors 
held gently against the stem (0.05 to 0.3 cm diameter) of a 
bean plant (Phaseolus vulgaris L. var. Black valentine) to 
measure HPV as an indirect indicator of moisture stress. This 
is similiar to the Closs (1958) technique but their references 
are only to Marshall (1958) and Swanson (1962). They concluded 
that, with their combination of sensors and analysis, HPV measure- 
ments were a sensitive indicator of the relative degree of 


moisture stress between plants, provided those compared had 
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reasonably comparable leaf areas. Both heat loss, (criterion 
1) and stem moisture content change (criterion 4, p. 28) may 
have influenced their results. They probably should have compared 
sap flux, rather than HPV, from stems with equal cross-sectional 
area (although plants with equal leaf area might well have 
similiar cross sections). 
Effects of defoliation 
Lopushinsky and Klock (1980) used heat pulse velocities 
to monitor the effects of defoliation on transpiration in Grand 
fir (Abies grandis (Dougl.) Lindl.) trees (31 to 48 cm dbh). 
They permanently implanted HPVT sensors (0.13 cm diameter, 
1.0 cm deep, spaced -0.5,0,0.75 cm) during mid-June 1976 and 
read them through the rest of 1976 and 1977. They observed 
a rapid decline in HPVT's in severely defoliated trees and 
a much smaller decline in partially defoliated ones. My exper- 
ience with sensors implanted over a long period of time such 
as this, is that the magnitude of the HPVT measurements may 
decline regardless of changes in transpiration rate, because 
a tree reacts physically and chemically to isolate the injured 
tissue (Merrill and Shigo 1979). The rate at which this isolation 
occurs is unpredictable. Their application violates criteria 
2, 3 and 4 (p. 27,28). Therefore one must interpret the differ- 
ences between partial and complete defoliation that Lopushinsky 
and Klock (1980) report with care. 
Correlation between environmental parameters and transpiration 
Heat pulse velocities, determined from idealized analytical 


theory, have generally correlated well with phase or magnitude 
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of those environmental parameters directly affecting transpir- 
ation such as vapour pressure deficit, solar radiation and 
air temperature. The method has been used in this application 
on conifers (Gale and Poljakoff-Mayber 1964; Swanson 1967b; 
Hinckley and Scott 1971; Shaw and Gifford 1975; Lassoie, Scott 
and Fritchen 1977; Lassoie and Salo 1981) and on diffuse porous 
hardwoods (Doley 1967; Gifford 1968; Lassoie and Scott 1972; 
Swanson, Benecke and Havranek 1979). Good correlations were 
found with respect to specific instrumentation and physiological 
conditions. But the coefficients relating HPVT to any specific 
environmental parameter were not generally transferable from 
one tree to another, nor useful in the same tree through extended 
time. This lack of general and prolonged applicability indicates 
violations of yey ade 2 and 3 (and possibly criterion 4, p. 28). 
Balek and Pavlik (1972) reported a unique application 
of the HPVT configuration and equation (Eq. 8, p. 22) to contin- 
uously monitor heat pulse velocities (wrongly called "sap stream 
velocities"). They permanently implanted sensors (size and 
exact spacing not given), in the configuration of Figure 4. 
A pulse of electric current was used to measure HPVT in the 
normal way for a range of environmental conditions. Then a 
steady electric current, approximately 0.01 of that for the 
pulse, provided a Nenporeture difference (at the same sensors 
used for HPVT's) which, after correlation with the measured 
HPVT's, was recorded as a continuous estimate of HPVT. Their 
records extended over 52 d with the same sensors, with probable 


violations of criteria 3 and 4 (p. 28). 
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Simple correlations with sap flow or transpiration 
Simultaneous measures of HPVT and transpiration as indicated 
by humidity increase in a plastic tent or cuvette enclosing 
all or a portion of a plant are reported by Decker and Skau 
(1964), Gale and Poljakoff-Mayber (1964), and Swanson, Benecke 
and Havranek (1979). Gale and Poljakoff-Mayber (1964) found 
good correlations between hourly HPVT (0.13 cm diameter heater, 
diameter of sensors not given, spaced -0.5,0,1.0 cm) and transpir- 
ation in 0.6 to 1.2 cm diameter seedlings of aleppo pine and 
sour orange at soil water potentials higher that -0.4 MPa, 
but essentially no correlation between hourly values at -1.5 
MPa. They also found that the coefficients of calibration 
equations did not remain constant as soil water potential de- 
creased, nor did they return to the same values upon rewatering. 
This work probably violates all four criteria (p. 27). 

Decker and Skau (1964) (0.13 cm diameter probes, spaced 
-0.5,0,1.0 cm) and Swanson and others (1979) (0.16 cm diameter 
probes, spaced -0.5,0,1.0 cm) found close relationship between 
hourly values of HPVT and transpiration in Pinus halapensis 
Mill., several Juniperus spp. and Nothofagus solandri var clif- 
fortioides Hook. F. Poole. Their application violated criteria 
2 and 3 (p. 27,28) but probably not criterion 4 as these exper- 
iments did not include the effect of changing soil water avail- 
ibi kity. 

Simultaneous measures of HPVT and weight loss were reported 


by Hinckley (1971b) and Swanson (1972). Hinckley found close 
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correlation between hourly HPVT's (0.15 cm diameter probes, 
spaced -0.5,0,1.0 cm) and hourly transpiration in Douglas fir 
(Pseudotsuga menzeisii (Mirb.) Franco) over a three day period 
while water was withheld. I found good correspondence between 
hourly HPVT (0.24 cm diameter probes, spaced -0.5,0,1.0 cm) 
and hourly transpiration in P. halapensis only when well-watered 
foace potential -1.1 MPa). HPVT and hourly transpiration rate 
were virtually unrelated at low xylem potentials (-2.7 MPa). 
Part of the disagreement between the hourly values may have 
been due to change in sapwood water content and the use of 
HPVT rather than sap flux as the independent variable. However 
my data does indicate good correlation between HPVT and transpir- 
ation averaged over 24 h as xylem potential decreased from 
-1.1 to -2.7 MPa and upon return to -1.1 MPa after rewatering. 
Both applications violated criteria 2, 3 and 4 (p. 27,28). 

Direct calculations of transpiration 

Doley and Greive (1966) report one of the most comprehensive 
efforts to compare actual water uptake (transpiration) with 
sap flow values calculated from HPVT, Pb, Mgw and sapwood area. 
Their application was in field grown Jarrah (Eucalyptus marg- 
inata Sm.) a diffuse porous hardwood. The HPV probes were 
placed on the surface of the sapwood (sensors spaced -0.5,0,1.0 
cm). Water uptake, as measured by severing a stem and placing 
it in water, was used to calibrate the heat pulse calculations. 


Calculated sap flows values were approximately half those mea- 
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sured but the relationship between the two was linear at all 
rates of flow. 

Doley and Grieve's (1966) apparatus does not correspond 
to the measurement configurations analysed by either Closs 
(1958) or Marshall (1958) so that none of the criteria for 
application fully apply. None-the-less, their results are excel- 
lent. In my opinion, their interpretation of measured HPV (with 
their apparatus) as being one-half of true, needs theoretical 
confirmation, because the empirical calibration was based on 
detection of sap movement in the outer 0.5 cm of sapwood where 
the HPV's may not be the same as those encountered at deeper 
depths (Swanson 1967b). Until this heat flow configuration 
is theoretically described, their technique is merely an empir- 
ical extension of Huber and Schmidt's (1937) “compensations 
method" with deference to Marshall's (1958) definition of HPV. 

Swanson (1974a) re-examined the data of Swanson (1972) 
to compare daily sap flows calculated from HPVT, Pb, Mgw and 
Sapwood area, with those measured by lysimetry. In this instance, 
sapflow calculated from HPVT averaged 46% of that measured. 

The lack of 1:1 correspondence was attributed to wound in the 
plane of the sensors (violation of criterion 3, p. 28). 

Lastly, Cohen, Fuchs and Green (1981) reported a comparison 
of volumetric flow through excised wood cylinders and sap flow 
calculated from HPVP, Pb, Mgw and cross sectional area. Calcul- 
ated sap flows averaged 55% of actual. These authors also attrib- 
uted the lack of 1:1 correspondence to nonconvective wood in 


the plane of the probes (violation of conditon 3, p. 28). 
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Loss of sensor sensitivity with extended implantation 

time 

When heat pulse probes are permanently implanted in trees 
to be read over an extended period of time, the magnitude of 
HPVT's measured may become progressively lower regardless of 
transpiration rate. From the last week of April 1975, through 
the last week of September 1975 and in the last week of May 
19:/76,71 installed one set of probes, (0.16 cm diameter; spaced 
-0.5,0,1.0 cm) to 1.25 cm xylem depth at breast height (1.35 
m) in each of five lodgepole pine (Pinus contorta Dougl.) trees 
of mean dbh 21 cm, mean height 20 m. The five probe sets instal- 
led each month were placed at the same height on the stem and 
separated about 3 to 4 cm laterally from the previous month's 
installation. HPVT's were obtained from the current (control) 
and all previous probe installations on the day of, or the 
day following, installation. The HPVT's for each installation 
date were averaged and each past HPVT expressed as a fraction 
of ‘current HPVE? 

By the end of agora 75) just thirty days after installation, 
April HPVT's averaged 0.75 of current, and by May 1976, 0.6 
of current (Fig. 5). Similiar values exist for each month's 
probe sets, except those installed in August, 1975, which still 
registered 85% of current after being installed over 300 d. 
The behavior of the August installations illustrate that one 
cannot predict how a tree will react to HPV probe implants 
through extended time. Apparently a tree's wound response is 


related to the phenological period during which it is wounded. 
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Figure 5. Decline in sensitivity with length of time that sensors 
have been installed: "x'' denotes sensors installed in April 
1975; "+" sensors installed in August 1975. 
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Shigo (personal communication) indicated that there are two 
periods, one at leaf emergence and the other broadly in "August" 
(in the northern hemisphere) when a tree may not react to a 
wound to isolate it. 

According to Shigo and Hillis (1973), the normal first 
reaction of a tree to wounding, such as that necessary to implant 
HPV sensors, is to plug the vascular elements. This is followed 
by a change in color as the wood oxidizes and extractives accumul- 
ate in tissue above and below the wound site. The vertical 
extent of wound tissue formed in reaction to a single hole 
in the sapwood may be a column of discolored wood extending 
15 cm or more above and below the point of wounding (Shigo 
1976, Shortle 1979a, 1979b). These observations indicate that 
sap flow is interrupted for a considerable distance in the plane 
of heat pulse probes, both up and downstream. Since heat 
is not carried forward by sap movement within this plane, this 
slab of nonconvective tissue, which is greater than 0.16 cm 
in tangential width in my installations, is a violation of 
criterion 3 (p y i 4 

The late Bir Mullick indicated that similiar oxidation 
and resin responses occur in xylem radially adjacent to wounds 
in the phloem (personal communication). If this is generally 
true, then those placing HPV sensors-heater on the surface 
rather than implanting them in the xylem (e.g. Doley and Greive 
1966) may encounter a similiar loss in sensitivity, both upon 


initial installation and through extended time. 
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Incompatibility of data from differing sensor configurations 


” Setar al authors (Swanson 1962,1967; Gifford 1968; Morikawa 
1972; Lassoie, Scott and Fritschen 1977) have shown that the 
use of sensors placed close to the nea increases instrument 
sensitivity, reduces sampling time and allows better resolution 
of slow HPVT's. The time spent in sampling is certainly less, 
but the magnitude of the HPVT's measured with one sensor config- 
uration may not be the same as those measured using a different 
configuration. In each of the trees used for the sensitivity- 
through-time study above, I also installed a set of identical 
sensors physically near the control (-0.5,0,1.0 cm) installations 
but spaced (-0.5,0,0.75 cm). HPVT was determined for this 
set and that of the control on the day of installation or the 
day following. Assuming that both sets of a pair sample the 
same sap flow, then the HPVT data derived from each pair should 
be equal. This was not the case (Fig. 6). Data from the close 
spaced sets averaged 80% of the wider spaced controls. The 
average HPVT's for 25 readings were close spaced, 10.7 cm ae 
controls 13.6 cm hee and the difference, 2.9 cm re is statis- 
tically significant (Student's "t" = 7.93, P<0.01). These 
data indicate the applicability of criterion 2 (p. 27). 
Sources of problems in applications 
The reports indicate that the difficulties users of the 
HPV method have encountered arise from four sources. 
1) The definition of heat pulse velocity as the weighted 
average of the sap and nonmoving wood substance moving 


together, has often been disregarded. 
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Figure 6. Least squares fitting of relationship between HPVT 
data obtained from sensors spaced -0.5,0,0.75 cm and those 
from sensors spaced -0.5,0,1.0 cm. The dashed line is 1:1. 
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2) The heat transport geometry for which solutions exist 
has not been applicable to the problem. 

3) Vapour loss at the leaves may not be in phase with 
sap flow in the plane of the heat pulse probes at 
all levels of plant water stress. 

4) All of the criteria stated for application of the 
idealized theory have not been met. 

One, two and three above are "researcher" problems. They cannot 
be solved by providing better methods or more advanced theory. 
Their solution is simply to apply techniques as intended and 

to interpret measurements in light of what they actually repre- 
sent. Only item 4 is a valid method problem. 

All of the criteria that were assumed in deriving the 
analytical solution (Eq. 3, p. 19) to the heat transport equation 
(Eq. 1, p. 18) must be met in practice if the results are to 
provide accurate estimates of sap flux. This means that: 

1) The sensing apparatus must be implanted sufficiently 
deep so that the heat losses to the outside are indeed 
negligible and will remain reasonably constant through- 
out the measurement interval. Using Marshall's (1958) 
criterion, there must be 1 to 2 cm of wood surrounding 
the sensor tip. The implanted HPV method is not applic- 
able to most seedlings or herbaceous annual plant 
stems because their stems are generally too small 
to satisify this criterion. 

2) The sensors must be infinitesimally small compared 


to the distance between them and the heater, so that 
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their material and physical presence does not distort 
the temperature field about them. It is probably 
impossible to meet this criterion with practically- 
sized heat pulse velocity probes. 
The measurement section must not contain bands of 
nonconvecting sapwood greater than about 0.04 to 
0.05 cm wide. This too is probably an impossible 
criterion to meet with practically-sized probes, 
because wounding will occur during initial implanta- 
tion, resulting in a band of nonconvecting material 
at least as wide as the largest diameter probe. 
This band may or may not become wider as the tree 
responds to isolate the wound from the remaining 
Sap conducting xylem. The effect of increasing wound 
width can be avoided by frequent renewal of sensor 
installations in new locations. The effect of initial 
wound cannot be avoided; it will be present in all 
heat pulse determinations in which implanted probes 
are used. 

Nonconvecting bands of latewood may also be 
a source of error in some tree species. In conifers, 
only the earlywood conducts sap (Whitehead and Jarvis 
1981). Longititudinal permeability measurements in 
the sapwood of New Zealand grown Douglas fir, indicates 
that nonpermeable latewood bands up to 0.6 cm wide, 
may be present (Booker and Swanson 1979). Cown and 


Parker (1979) show latewood widths 0.09 to 0.16 cm 
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in Douglas fir of the Oregon to British Columbia 
region of North America. All of these widths are 
greater than the 0.04 to 0.05 cm criterion suggested 
as the maximum allowable for thermal homogeneity 

(p. 28). This may be a significant source of error 
in HPV measurements in Douglas fir, and other species 
with high proportions of latewood in their growth 
rings. 

4) Sap flux, which is a function of heat pulse velocity, 
current sapwood moisture content and density, rather 
than HPV alone, must be used to correlate with, or 
to calculate transpiration. Sapwood moisture content 
is a dynamic variable that cannot be assumed constant, 
except perhaps over a period of 24h at high plant 
or soil water potential. 

I assumed that the practical problems, particularily 2 

and 3 above, were the source of the persistent underestimation 
of HPV's and sap flow reported. I contacted D. C. Marshall, 

New Zealand Department of Scientific and aust Research, 
Auckland, to obtain some guidance as to how these problems 

might be overcome. He and Dr. D. W. A. Whitfield, Department 
of Botany, University of Alberta, Edmonton, suggested that 

I undertake a numerical analysis of Equation 1 (p. 18) to explore 
the effect of interrupted flow near the sensors as well as 

the effects of sensor material and configuration (Personal 
communication, D. C. Marshall, January 1977). These numerical 


analyses and their results are given in Chapter IV. 
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CHAPTER IV 
NUMERICAL ANALYSIS OF HEAT PULSE VELOCITY THEORY 
Introduction 
The physical problem of 3-dimensional heat flow from a 
line heater in the thermally nonhomogeneous stem of a tree 
with implanted sensors is apparently difficult from an analytical 
standpoint. Pickard and Puccia (1972) and Pickard (1973) re- 
solved a much simpler physical system consisting only of outer 
insulation, sapwood and heartwood, with constant thermal prop- 
erties and uniform sap speed from bark to heartwood. Pickard 
and Puccia did not consider implanted sensors (although obviously 
one would need sensors of some sort to measure temperature) nor 
the effect that sensors might have on either heat or sap flow. 
They concluded that their analyses would only be applicable in 
ring porous stems with sapwoods less than 2 mm thick and in dif- 
fuse porous stems less than 5 cm diameter, composed entirely of 
sapwood, and that neither their heat step nor heat pulse methods 
were capable of yielding precise quantitative measures of sap 
flux. Their conclusion should not be surprising as few of the 
partial differential equations of physical interest have been 
solved analytically (von Rosenberg 1969, Saul'yev 1964). 
The more realistic heat and sap flow system described 
in Chapter 2 (p. 16), can be approximated in a finite difference 
model by a succession of numerical values for the dependent 
variable (temperature) and the corresponding independent vari- 
ables (wood, sensor and heater thermal properties, stem cross 


section, sap speed, sap flow geometry, etc.). These temperature 
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values can provide a link between the numerical solution and 
its analytical solution (Harbaugh and Bonham-Carter (1970). 
The finite difference method 

In the finite difference method, the physical geometry 
of the system to be approximated is overlayed by a grid or 
network composed of a finite number of parallel lines (normally 
evenly spaced) in the x, y, and z planes. The intersections 
of these lines form nodes. An equation approximating the partial 
differential equation and thermal properties in the desired 
directions is written for each node. Equation 1 (p. 18), defines 
the temperature everywhere in a homogeneous solid: Equation 
19, the finite difference approximation to each term of the 
parabolic partial differential equation (Eq. 1), defines the 
temperature at each node in terms of the temperature of its 
neighboring nodes, and the thermal properties of the mater- 
ials between iv and them (Saul'yev 1964; Carnahan, Luther and 


Wilkes 1969; von Rosenberg 1969). 
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With each equation an error of aproximation, due to truncation 
of the infinite series approximation of the partial differential 
equation, that is a function of (At) and (Ax), must be con- 
sidered. However, if the method used to solve the system is 
stable, then the error of approximation tends toward zero, 
Saul'yev (1964). 

The formulation of Equation 19, where the values on the 
right hand side are all evaluated at the n+l time step, is 
implicit in that the set of equations for the entire net must 
be solved simultaneously. The preferred method for parabolic 
partial differential equations (von Rosenberg 1969) is to solve 
the equations, using intermediate time steps (that have no 
physical meaning), by the alternating direction implicit (ADI) 
method. In the ADI method for two dimensions, the equations 
along one axis are written implicitly facta time step % of 
that desired, i.e., at n + 4, and the equations along the other 
axis are written explicitly using known temperatures at the 
previous time step, n. The intermediate solution to the implicit 
equations at n + % can be obtained by a back substitution tech- 
nique (Carnahan, Luther and Wilkes 1969). The temperatures 
at n + 4s then become the known values. The implicit and explicit 
equations are interchanged between the two axes, and the temper- 
atures at the desired time interval, n+ 1, are calculated 
in the same manner. This process is repeated until the simul- 
ation arrives at times t = 60, 120, 180 s etc., as required 
to evaluate the appropriate analytical equation. A similiar 


technique is used for applying the ADI method in three dimensions. 
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Numerical models of 3-dimensional system. 


My initial effort in numerical simulation was to approximate 
a tangential longitudinal slice in the sapwood of a 3-dimensional 
stem section, i.e., the same model that Marshall (1958) solved 
analytically. The results obtained with this model resolved 
many of the problems associated with sap flow interruption in 
the plane of the sensors (Swanson and Whitfield 1981). However 
my experience with applying the heat pulse technique in stems 
of various sapwood proportions indicated a need to consider 
heat exchange at the bark/sapwood and sapwood/heartwood borders 
as well. Ideally a 3-dimensional model should be used for this. 
But because the results using the 2-dimensional tangential longi- 
tudinal model were so successful and because of the extremely 
large computer memory requirement to accomodate even a modest 
3-dimensional finite difference model (4 to 6 megabytes for the 
final and intermediate solution matrices alone), I chose to 
approximate this 3-dimensional heat flow system with two 2- 
dimensional finite difference numerical models: One a tangential 
longitudinal section perpendicular to the heater at approximately 
the centre of the sapwood (Fig. 7a); the other a radial longitudinal 
section in line with the heater and sensors encompassing bark, 
vascular cambium, sapwood and heartwood (Fig. 7b). The initial 
condition for both models is isothermal (T = 0). The border 
conditions are unique for each application of the models and 
comprise the specific cases to be examined below. 

The main purposes of the tangential longitudinal model 


were to examine the effects of flow interruption by, and in 
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Figure 7. Stem cross sections simulated with numerical models. 
(a) Tangential-longitudinal. (b) Radial-longitudinal. 
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the near vicinity of, the sensors and of sensor configuration 

on the temperature field. The main purposes of the radial 
longitudinal model were to examine the effects of heat loss 

to the outside via the sensors, heat loss to the outside from 
the bark surface, the effect of abrupt cessation of xylem sap 
flow at the bark/sapwood, sapwood/heartwood or early/latewood 
interfaces and the differing thermal properties of bark, sapwood, 
heartwood, sensors and heater as these influence the temperature 
of sensors in the vicinity where these materials abut. A 0.04 
cm node spacing (see discussion below for choice of this spacing) 
is a physical restriction common to both models that limits 
their usefulness to evaluating the effects of discontinuities 

of width 0.04 cm or larger. The normally uniserate rays of 
conifers and rays of diffuse porous woods at 0.001 to 0.002 

cm wide (Esau 1977) are too small to be incorporated into the 
tangential longitudinal model. Both models apply to coniferous 
wood. They should also be applicable to porous woods where 

the nonconvecting material between vessels is sufficiently 

thin for a negligible "te" (criteria from Eq. 18 p. 29) or 

each vessel and each nonconvecting cross section, such as a 
multiserate ray, is wide and internally homogeneous enough 

to be approximated by one or more nodes. 

Several features are common to both models. Initial and 
border conditions are set, the heat is "pulsed" at time t=0. 
siiasaiesl approximations of the temperature at every node in 
the field are marched through time. At the times necessary, 


normally 60, 120 and 180 seconds, to solve the applicable an- 
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alytical solution, the temperature values that exist at the 
sensor node(s) are recorded. The HPV or diffusivity value 
obtained from the analytical equation is compared with that 
imposed on the numerical solution to arrive at relationships 
between the numerical and analytical solutions that reflect 
the physical conditions imposed on the model. I have chosen 
to retain various forms of the analytical (Eq. 3, p. 19) solution 
of Marshall (1958) to Equation 1, as a base for expressing 

the numerical results, because they are as convenient as any 
and they allow myself and others to modify previously existing 
HPV's without recourse to the original raw temperature and/or 
time data used to obtain then. 

The dimensions of the approximating grid network were 
chosen by trial. Every finite difference approximation is a 
compromise between physical reality and computing costs (Saul'yev 
1964). To be relevant to this physical problem, the nodes were 
required to fall on sensor-wood material boundaries. The sensors 
and heater that I have used are 0.16 cm diameter, forcing node 
spacing to be a submultiple of 0.16 cm (the coarsest that could 
be used was 0.16 x 0.16 cm). As the distance between nodes 
is reduced ( Ax=®0) the numerical solution converges to the 
true solution. I settled on a mesh spacing of 0.04 cm by calcul- 
ating the HPV's from the temperature field derived with mesh 
spacings of 0.16, 0.08, 0.04 and 0.02 cm. The values found 
at a spacing of 0.04 differed by less than 5% from those obtained 
at 0.02 cm. The 0.04 cm grid is a reasonable compromise between 


the greatly increased computing time at 0.02 cm and the diffi- 
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culty of adequately describing the physical dimensions of sensors 
and heater in a 0.08 cm grid. The thermal properties at nodes 
where two or more materials met, were averaged in the appropriate 
spatial direction according to the method described by Saul'yev 
(1964). 
Overall grid dimensions were set by increasing the size 

in each direction until the change ceased to affect the solutions 
obtained from sensors 1.6 cm above and below a heater placed 
at the centre of the grid. The longitudinal dimension of both 
models was thus fixed at 8.0 cm. Tangential width was similiar- 
ily set at 1.6 cm each side of the sensor-heater plane. In 
the radial longitudinal model, radial depth is varied in accord- 
ance with the specific stem section boundaries for the case 
examined. 

- Time steps (At) were also chosen by trial. Theoretically 
the ADI solution technique is stable for any time and space 
step (Richtmyer and Morton 1967). A solution technique is 
considered stable if errors do not grow larger with each succes- 
sive time step (Saul'yev 1964). Numerical solutions of some 
parabolic equations with a large first derivative coefficient 
(i.e., the "auPC" term in Eq. 19d) have been found to be unstable 
(von Rosenberg 1969). Also discontinuous coefficients, such as 
those at wood-sensor border nodes, and the sudden imposition of 
large temperature differences, such as at the heater node, may 
also introduce numerical instabilities (Carslaw and Jaeger 1959). 
Stability of the solution during imposition of the heat pulse 


was achieved by shaping the pulse with appropriate time steps 
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as in Figure 8. Stability in cases when sensor material proper- 
ties were vastly different from wood (an example would be the 
aluminum sensor material of Cohen, Fuchs and Green 1981) was 
achieved by setting 4 time steps of 0.1, 0.2, 0.5 and 1.0 s 

at solution times t = 0, 10, 30 and 60 s respectively. Stability 
was assumed to exist when temperatures varied smoothly between 
time and space intervals. 

Wood and bark thermal properties were set as functions 
of basic density, Pb, and dry weight moisture fraction, Mgw. 

An average Pb of 0.4 g Aes sapwood Mgw of 0.5, 1.0 and 1.5, 
heartwood Mgw of 0.4 and bark Mgw of 0.0 were used for most 
Simulations. Thermal conductivities were calculated as func- 
tions of moisture content and basic density; tangential and 
radial from Equation 14 (p. 24); longitudinal from Equation 

12 (p. 24). Bark was considered to be isotropic with conduct- 
ivity 80% of dry wood tangential conductivity (Martin 1963). 
Sensors were composites of glass, brass or aluminum plus elect- 
rical insulating materals and lead wires. Their thermal proper- 
ties were calculated as cross sectional area weighted averages 
of the materials involved. These thermal properties are tab- 
ulated in Appendix E. 

Tangential longitudinal model (TLM) 

This model is of a slice of sapwood in the tangential 
longitudinal plane perpendicular to a radius (Fig. 7a). Sap 
flow is in the positive "x'' direction and is considered to be 
uniform at all points on a radius. An infinitely long heater lies 


on a radius through the centre of this slice. Infinitely long 


1a ere ee iy rd ee 
4 : a dae Ae ¢ 
S¢ | ea) es 
Berea) ta Vs 


Sa: 


Pe, 


—reqorq Isixeitem elie y mn ) 


ais od bivow elqmaxs a8) B De 
eow (188 oso hi seat to: ‘Tad net) Ie 

$ 0.) bos 220 cand i Sei-eeavanatiba 
yiilidsa2 sccdigedaouale a nae bas of ot = 4 coms 


neswied yi dioome’ coke estutereq@es pnie du ean 
ae 
enoftonvi as to stew askireqoiq Feared, avad bes 
wah ~nolz>es? etmaetom uliglian: me bre: ag ai 
.¢.£ bom 2.8 ,@.0 20 wen boowger tT ay 3 6.0 to 49 4 
teom 10% becw osow 0.020 wal} axed bap 8.0.20 
-onui 28 batelduolan ovew siskstyi sound Lemont in) yh e 
baa Istinegnnd 7xsienod | alosd) bes, Inqsnes ovwision Yo 4 anid 
notisupd a0xt Ianibui tan! (08 a), al nolstopt wo iin 
-toubags atv riqottoel od a9 besebienos egunmaaraty 
(Cat ai27s) yraebsoutings ehonaguat boow < | 
-tools euig ovcimule wo ganad ,seetg to <e3i 3 
~saqamg, Praveen. shed! .aende beet bos eis792 sugal 7 
asgarsve botigiew tutti aaa neoro aA hetefuatas — ois 
Ged eee sere eum »baviovar aia. T9Im Ste 
one ee qi 1 hr 
c, shee Lsbear nol. 
tntseoeronesaatietingss: Yo soil ‘Yo eb t | 
(oh gh) no dBea ys 08) melustbnagieg, pers” Dis 

od oF beusbishos, hao torn ceomatiael ae 


ee Us 


RELCET PVE Fema PUESE MAGN ie Ube. 


Sion a b 


O00 G2. cet Ree Oo eet dl 2 emg ERE ca 
SIMULATION TIME- SECONDS 


Figure 8. Heat pulse function, Q(0,0,t), used in tangential- 
longitudinal simulations and Q(0,y,t) used in radial-longitud- 
inal numerical simulations. Q = 2tQ., from ti #0 to, Eo = (075s. 
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sensors, appropriately positioned to provide temperature rise 
data for solutions of Equation, 4 - 9, lie in the y = O plane. 
(Only downstream from the heater for one sensor simulations; 
both upstream and downstream from the heater for two sensor 
simulations.) Sap flow is stopped throughout the width (W) 
of a slab of wounded tissue enclosing the sensors and extending 
from the top to bottom of the slice. Except within W, sap 
flow is uniform at all nodes along the tangential axis, although 
any flow distribution that could be accomodated by the 0.04 cm 
node spacing could be imposed on the model. Temperature is 
held constant at T=0 at the borders of this model. It was program- 
med as a symmetrical half-plane with the axis of symmetry through 
the center of the heater-sensor plane. 

Equation 1 is discretized in the x (longitudinal), y (tan- 
gential) directions twice as follows. 


Implicit tangential, explicit longitudinal. 
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Implicit longitudinal, explicit tangential. 
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Radial longitudinal model (RLM) 

This model represents a vertical slice of a stem along 
the radius of the sensors and heater (Fig. 7b). It is usually 
bounded on the outside by the bark/air interface and the inner 
boundary lies within the xylem. Sap flow is in the positive 
x direction, zero in bark, heartwood (and latewood if present), 
is not necessarily uniform at all radial positions in the sap- 
wood and occurs through the sensors and heater materials if 
they are reson. This is a purely hypothetical model because, 
in effect, the heater and sensors are represented as infinitely 
wide planes in the various tissues. The heat pulse velocity 


or diffusivity values derived from this model must be combined’ 


with those from one or more TLM simulations to portray a practical 


situation. Different analytical solutions apply to this plane 
heat source geometry than the line heat source Equations, 4 


- 9 (Carslaw and Jaeger 1959). Plane heat source equations, 
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comparable to each line heat source equation, are denoted 4a 
- 9a, and given in Appendix A. Temperature is held constant 
at both the upper and lower longitudinal borders. 

The border conditions at nodes representing the interface 
of bark, sensor and heater nodes with the outside world were 
set in accordance with the following line of reasoning. In 
actual practice, the heater, sensors, bark, sapwood and heartwood 
are all assumed to be at the same initial temperature. Both 
sensors and heater extend through the bark a few eedadier eee 
into insulating material, such as fibreglass or styrofoam. 

The heater is heated along its entire length including that 
outside the bark. The condition, @T/dz = 0, was imposed at 
heater nodes on the outside border so that heat loss occurs 

only to the stem layers that the heater encounters. The sensors 
receive heat only through contact with the wood, bark and moving 
sap. The condition T = 0 was imposed on all sensor and bark 
nodes along the outside border. I generally avoided having 

to set inside boundary values by programming it as a symmetrical 
halfplane with the border of symmetry centered somewhere inside 
the stem. 

An 8.0 by 4.0 cm grid with 0.04 cm node spacing was the 
maximum size that could be accomodated on the University of 
Alberta's Floating Point System Array processor. Most simul- 
ations using the radial longitudinal model were done with these 
maximum dimensions. 

Equation 1 (p. 18) was discretized in the x,z directions 


in the same manner and with the same thermal and other physical 
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properties as the tangential longitudinal model but with "z" 
and kt replacing "y'" and Ke in Equation 20. Heat was "pulsed" 
in the manner of Figure 8 uniformly along the entire radial 
depth. 
Numerical solutions of general cases 

The models were used to simulate a number of general cases, 
not related to specific instrumentation, in order to verify 
the numerical procedures and to separately quantify the effects 
of various violations of the idealized criteria (p. 27). Since 
neither the tangential longitudinal nor radial longitudinal 
Simulations fully describe the true three dimensional situation, 
results obtained from both models must be interpreted in light 
of experimental results from actual heat pulse velocity measure- 
ments. These interpretations are given in Chapter V. 

In the cases simulated, if sensor and heater materials 
are not specified, then the word "sensor" or "heater" refers 
only to a node in the finite grid where temperature is recorded 
or heat created. The thermal properties of these nodes were 
the same as the surrounding stem tissues. 

If a sensor or heater materials are specified, then all 
of the nodes located within 0.08 cm of the position specified 
(which is at the center of the probe) for the heater or sensor 
location, were assigned the thermal properties of the given 
material. The usual material for a sensor was glass, for a 


heater, brass. 
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General cases simulated 


1) 


2) 


3) 


4) 


5) 


Theoretical verification of the numerical analyses 
technique using both radial longitudinal and tangential 
longitudinal models of sapwood, to approximate the 
results if all of the idealized conditions (p. 27) 
were met. 

Tangential longitudinal simulation of various wound 
widths in the plane of sensors installed in sapwood, 
to ascertain the effect of nonconvective wood on 

the solutions. These results relate to criterion 
ReCp 228 yi 

Tangential longitudinal simulation of 0.20 cm wound 
and sensors positioned at several locations up and 
downstream from the heater, to ascertain the effect 
of sensor locations in nonconvective wood in the 
plane of the sensors. These results relate to criteria 
Mednd IS 1Gp L127 728) ! 

Tangential and radial longitudinal simulation of 
glass or brass sensors, brass heater, in sapwood, 

to ascertain the influence of sensor materials alone, 
i.e., without the effect on nonconvective wood in 

the plane of the sensors, or the effect of heat loss 
to the outside, bark or heartwood. These results 
relate to criterion 2 (p. 27). 

Tangential longitudinal simulation of wound, glass 
sensor material and differing sensor spacings from 


a brass heater, to ascertain the effect of combined 
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sensor material placement and nonconvective wood 
in the plane of the sensors. These results relate 
tO criteriag2.and 3% (pst27 228 )2 
6) Radial longitudinal simulation of the influence of 
tissue borders on the temperature field using various 
combinations of bark, sapwood and heartwood tissues 
to ascertain the effects of abrupt changes in thermal 
properties and sap movement that occur upon the trans- 
ition from one tissue to another. These results 
relate to criterion 1 (p. 27). 
7) Radial longitudinal simulation of the effects of 
alternating layers of earlywood with sapflow, latewood 
without. These results relate to criteria 1] and 3 
(Bp. 27 52098 
General case results 
Case 1, theoretical verification, no wound, no sensor 
material, TLM and RLM. 
The results of this case are summarized in Table 1 for 
the tangential longitudinal model, Table 2 for the radial longi- 
tudinal model. 
When the data from the temperature field derived from the 
tangential longitudinal model were analysed using Equations, 
4 -9, or the radial longitudinal model using Equations, 4a - 
Qa, the resulting HPVA or HPVS values were within 2% of those 
imposed (HPVI) from HPVI = 0 to 40 cm he. HPVM's were within 
1% and HPVP's within 5% for all HPVI's greater than 10 cm hoe 


HPVT's are not valid at HPVI = 0, and in any case, numerical 
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solutions at HPVI's less than 3 cm h ! must be extended to 
300 or more seconds for analysis with the HPVT technique. 

I did not undertake HPVT solutions at these slower HPVI's be- 
cause the information gain would not justify the computational 
cost. HPVT's, where obtainable, were generally the same as 
HPVA's or HPVS's. 

The imaginary values noted for HPVP near zero are not 
departures from theory but a result of the coarsness of the 
2 s time steps used in the simulation at solution times greater 
than 60 s. In Tables 1 and 2, the HPVP's labled "imaginary", 
result from peak time determinations only 2 s from the correct 
value of tp, for the imposed HPV's. 

Analysis of numerically derived temperature fields at 
HPVI's less than 3 cm he with Equation 4 (Marshall's analysis 
method, p. 19) also resulted in minor departure of calculated 
from imposed HPV's near HPVI = 0. The source of these departures 
was discovered by imposing small temperature errors, + 0.01 rc, 
on the simulated values. Such errors caused the HPVM's calcul- 
ated by Equation 4 at HPVI = 0, to vary from imaginary to 3.6 
cm i bs This oversensitivity of Equation 4 to small temperature 
errors at low HPV's (which here are probably due to finite 
difference truncation error) occurs in practice as well and 
this was acknowledged by Marshall (1958). He suggested that 
two sensors, equally spaced, (HPVS, Eq. 6, p- 21), be used 
to obtain HPV's less than 10 to 15 cm bie 3 Apparently the 


two sensor configuration with unequal spacing (HPVA, Eq. 9, 


p- 23) is also less sensitive to such temperature errors. 
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Longitudinal diffusivity, Be as calculated using Equation 
5 (p. 21) or 5a (p. 237) and data from the numerically gener- 
ated temperature field, is exactly the same as that imposed 
for all HPVI less than or equal to 30 cm hie: At HPVI = 40 
cm ie and at wood moisture content 0.5, the calculated D 
is 4% less than that imposed which probably indicates some 
approximation error due to the first derivative term. However, 
the diffusivity equation appears to be far less sensitive to 
small temperature errors at HPVI = 0 than is the HPVM equation 
(Eq. 4, p. 19), which uses the same temperature ratios. 

The departure of HPVP calculated from HPVI's near zero 
and the long simulation durations needed to resolve HPVT's 
at HPVI's near zero, imposed economical restrictions on gener- 
ating numerical temperature data for these solutions. All 
of the other solutions, HPVA, HPVM, HPVS and ne can be obtained 
at specified time inteswals of 60, 120 and 180 s, and the dura- 
tion of a simulation run does not have to be extended beyond 
180 s to incorporate HPVI's near zero. Since all of the sol- 
utions are approximately equal, I will use the HPVA, HPVM, 
HPVS and pt solutions obtained from temperatures at simulation 
times 60, 120 and 180 seconds, unless otherwise noted (e.g. 
HPVT in case 6), in presenting numerically derived results 
throughout the remainder of this thesis. 

Case 2, wound alone, TLM 

The effects of wound widths 0.04 to 0.24 cm are shown 

in Figure 9 and Figure 10. The magnitude of the effect on 


calculated HPV varies considerably between the one and two 
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Figure 9. Influence of wound on two sensor configurations, 
no sensor materials, tangential longitudinal model. HPVA's 
or HPVS's measured at (-0.48,0,0.96 cm) or at (-0.96,0,0.96 
cm). The dashed line is 1:1. These simulation results indicate 
that any width of nonconvective wood in the plane of the 
heat pulse probes is a significant violation of the idealized 
assumption regarding thermal homogeneity (criterion 3, p. 28). 
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Figure 10. Influence of wound on one sensor configurations, 
no sensor materials, tangential longitudinal model. HPVM's 
measured at (0,0.96 cm) or at (0,1.44 cm). The dashed line 
is 1:1. The nonconvective slab associated with a practically 
sized sensor or heater would be greater than 0.08 cm, and 
would violate the idealized theoretical assumption regarding 
thermal homogeneity (criterion 3, p. 28). 


75 


ey 


ge = 
cei 


sensor measurement configurations. HPV's determined with either 
of the two sensor configurations (-0.48,0,0.96 cm) or (-0.96, 
0,0.96 cm), depart from the 1:1 line at W = 0.04 cm where calcul- 
ated HPVA or HPVS are only 92% of HPVI at 5 cm ne and only 

73% of HPVI at 40 cm hee (Fig. 9). HPVM's depart from the 

1:1 line with increasing wound width too (Fig. 10), but, at 

W = 0.04 cm, the calculated values at either 0.96 or 1.44 cm 

are better than 90% of imposed even at 40 cm ie At wound 
widths that would be imposed by any practical instrumentation, 
i.e., 0.08 cm or greater, the departures of calculated HPVM 

from HPVI are too great to ignore. These simulations clearly 
indicate that all implanted HPV instrumentation used to date 

has violated criterion 3 (p. 28). 

The presence of nonconvecting wound tissue affects the 
temperature distribution through time in such a manner that 
analysis of the numerically generated temperature field at 
differing time combinations yields differing heat pulse veloc- 
ities or longitudinal diffusivities (Table 3). HPVS's calcul- 
ated from temperature ratios at 30 seconds are only 60 to 65% 
of those calculated from temperature ratios at 90 seconds. 
Similiar differences exist using ratios taken at 60 versus 
180 seconds. The HPVA equation is not as sensitive to solution 
times as either HPVS, HPVM or Ds 

Longitudinal diffusivities, ie are affected by increasing 
wound width, decreasing from equal to imposed at HPVI = 0, 


to 80% of imposed at HPVI = 40 at all moisture contents when 


W = 0.16 cm or more (Table 4). Such variation raises a ques- 
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tion as to which diffusivity should be used in the diffusivity 
dependent equations, HPVS and HPVP. Leyton (1967) and Cohen 
and others (1982) used p! obtained when sap movement was assumed 
to be zero. The values for either HPVS or HPVP in the above 
tables have been calculated with p! obtained from temperatures 
measured at the downstream sensor and at the imposed HPV. 
Since the effect of wound must be accounted for in any practical 
application of the heat pulse velocity technique, the conditions 
of measurement, i.e. the times used in the solution of Equation 
5S, Gpem2 L)wior bp and whether taken at zero or at current sap 
movement, must also be specified in defining any useful relation- 
ship between p} or HPVS and HPVI. Also, it should be noted 
that a temperature increase will always be registered by the 
downstream sensor so that it is always possible to calculate 
p! with downstream temperature data. The same can not be said 
for upstream temperature data. High rates of sap movement may 
carry the entire heat pulse downstream so that no temperature 
rise ever occurs at the upstream sensor (Miller and others 
1980). 

Since calculated HPV's and p ites do vary with the times 
used in their solutions, there are numerous combinations that 
can be displayed. Marshall (1958) used temperature data taken 
at l-minute intervals. This is as convenient a time interval 
as any. Unless otherwise noted, all subsequent HPVM or D 
values in this chapter have been calculated from temperature 
data taken at 60 second intervals, i.e. 60, 120 and 180 s. 


HPVA's will be calculated from temperature ratios at 60 and 
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120 s; HPVS's from temperature ratios at 120 s; both HPVS and 
HPVP from p! at current HPVI with data from the downstream 
sensor. 
Case 3, W = 0.20 cm, several sensor configurations, TLM 

Difference in separation from the heater in the configur- 
ations with two unequally spaced sensors appears to be a very 
important consideration (Fig. 11). The simulated results are 
of various asymmetric sensor spacings that have been suggested 
by various authors, e. g: -0.3,0,0.8 cm (Gifford 1968); -0.5,0, 
0.6 cm (Swanson 1962); -0.5,0,0.75 cm (Swanson 1967b); -0.5,0, 
1.0 cm (Closs 1958, Swanson 1962, Decker and Skau 1964, Doley 
and Grieve 1966, Hinkley 197la, Morikawa 1972); -0.7,0,1.0 cm 
(Morikawa 1972, Lassoie, Scott and Fritcshen 1977) and two 
spacings’ ©@0.5,0,1.5 cm)fand (-T.0;0,1.5 cm),ethat have not 
appeared in any publication. The simulated results from all 
configurations differ (Fig. 11), and in general, the smaller 
the difference in spacing from the heater of the two temperature 
sensors, the greater the departure of calclulated from imposed 
HPV. This indicates an interraction between wound and sensor 
spacing that is unrelated to the presence of sensor materials. 

Spacing does not appear to be as critical in either the 
two sensor symmetrical or the one sensor configurations, as 
in those asymmetrical (Table 5). When sensor spacing was in- 
creased from 0.96 cm to 1.44 cm, HPVS's increased by about 
12%, HPVM's by 54 and pi's by 12%. HPVP's were included in 


this analysis because Cohen and others (1981) indicated that 
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Figure 11. Influence of sensors placed at various spacings. Wound 
= 0.20 cm, no sensor material, tangential-longitudinal model. 
CE) E055 050-0 4Cm)) oh Bi elaOet, yD. 7 cm) nO heOL7 , 20,1 20ncmds 
(8) E(=0S>, Gal. Giicm), Ik-0535050.8.cm) cor (Al GG al. Sem) oes 
0.5,0, 1.5 cm). The dashed line is 1:1. These simulations indicate 
an interraction between wound and sensor spacing that is unrelated 
to sensor materials. 
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a spacing of 1.5 cm would be optimal. The data of Table 5 
supports their contention. HPVP's, HPVM's and pits increased 
much more when the distance between the heater and sensor was 
increased from 0.96 to 1.20 cm then when increased from 1.20 
to 1.44 cm. Whether or not one could realize this improvement 
in actual practice is debatable because the temperature signal 
that one has to work with is much reduced at 1.44 cm compared 
to that at 0.96 cm from the heater. 

Case 4, effect of glass and brass sensor materials, 

TLM and RLM 

In these simulations (Table 6, 7), sensors of the indicated 
materials were located both up and downstream from the heater. 
The presence of the upstream sensor is therefore reflected in 
the one sensor HPVM and p} results and most noticeable when 
it was brass. 

These results clearly demonstrate that sensor materials 
are important violations of criterion 2 (p. 27) at least with 
the two sensor configurations. In the tangential longitudinal 
simulation results (Table 6), HPVA's were 20 to 25% less than 
imposed and even slightly negative at HPVI = 0. HPVS's were 
also 20 to 25% less than imposed but, because of symmetry, 
were not negative at HPVI = 0. HPVM's were erratic at imposed 


HPVI's less than 5 cm n=! 


, but were better than 90% of imposed 
at all greater HPVI's. 
In the radial longitudinal simulation results (Table 7), 


HPVA's and HPVS's were as in the TLM results (Table 6), except 


that HPVA is slightly more negative at HPVI = 0. HPVM's were 
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again erratic (Table 7) at imposed HPV's less than 5 cm hat 


and were approximately 75% of imposed at Mgw = 0.5, 90% at 
Mgw = 1.5. This dependence on moisture content was much less 
pronounced in the TLM results (Table 6). 

Calculated diffusivity values were lower at low moisture 
contents and higher at high moisture contents than in the “no 
sensor" simulations. It appears that if diffusivities are 


used to estimate wood moisture content, the estimates will 


be too high at low moisture contents and too low at high moisture 


contents. Therefore some correction for sensor material may 
be required. Both sensor materials and both models (Tables 


6, 7) behaved approximately the same in this regard. 


Case 5, TLM, combined effects of wound, glass sensor 


materials, brass heater at four sensor configurations 


These simulations describe practical heat pulse velocity 
probes implanted entirely in sapwood. The results (Tables 8, 
9) should approximate those obtainable at the center of 2 cm 
of sapwood in coniferous or diffuse porous woods. The results 
integrate the combined effects of sensor materials (Criterion 
2, p- 27) and nonconvective wood in the plane of the sensors 
KCriterlor 3,.0-420). 

The results with the asymmetrical configurations (Table 
8) indicate that the effects of sensor materials that were 
noted in Case 4, are largely overshadowed by the effect of 
nonconvective wood. For example, with sensors configured (- 
0.48,0,0.96 cm), at W = 0.20 cm, no sensor, the HPVA's obtained 


at HPVI = 40 cm re (see Table 3, column 4, p. 77) were 
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Table 8. Influence of glass sensor, brass heater material and 0.20 cm 
wound on HPVA, HPVM and longitudinal diffusivities with asymmetrical 
sensors configured (-0.48,0.0.96 cm) and (-0.96,0.0.96 cm). HPVA's 
calculated from temperature data at 60 and 120 s. HPVM's and longitud- 
inal diffusivities calculated from temperature data at 60, 120 and 

180 s. Values for HPVM marked "im'' are imaginary, i.e., the square 
root of a negative number. 


(-0.48,0,0.96 cm) (-0.96,0,1.44 cm) 
HPVi.. .PVA\ BPVM Bi ap  p' dn HPVA HPYM pup op! dn 
eh, (2) (3) (4) (5) (6) (7) (8) (9) 
Imposed Mgw = 0.5, p! = .0024 
0.0 -0.3 3.2 0020 0022 -0.1 im 0022 0022 
5.0 2.9 3,01 0020 0022 Py: im 0022 0022 
10.0 5.6 6.41 0021 0021 6.1 3.4 0023 -0022 
20.0 10.1 12.9 0021 0020 10.9 Was 0024 0021 
30.0 13.4 19.2 0020 -0019 14.7 19..5 0024 0020 
40.0 16.7 24.9 0018 0018 17,8 ~ 26.2 0024 -0020 
50.0 19.4 30.0 0017 .0017 20.7 B25 0024 0019 
60.0 22.0: B4.6 0016 -0016 Vac WA 37.9 0024 -0019 
Imposed Mgw = 1.0, p! = .0018 
0.0 -0.3 im -0017 <OOIB - 302 im 0018 0018 
5.0 3.0 im 0018 0018 328 im 0018 0018 
10.0 5.9 Piste -0018 O07 . 6..i2 im 0019 0018 
20.0 10.6 13,.'0 0018 0016 1.0 Bh.5 0020 -0017 
30.0 14.3 19.7 0017 0015 14.9 19.07 0020 -0016 
40.0 17.4 25.6 0016 -0014 13.0 2 ES | 0021 0016 
50.0 20,8 30.9 0015 0014 21,0 B3850 0021 -0016 
60.0 23.0 35.0 0015 -0014 23.9 38.6 0021 0016 
Imposed Mgw = 1.5, p} = .0015 
0.0 -0.3 im 0015 -0016 -0.2 im 0016 0016 
5.0 3.0 im -0016 -0016 3.8 im 0016 0016 
10.0 6.0 4.6 0017 -0015 6.3 im 0017 0015 
20.0 10.8 13..0 0017 -0014 11.4 11.6 -0018 0015 
30.0 14.6 20.0 .0016 0013 15,0 19.26 -0018 -0014 
40.0 7.8 26 0 0015 0013 18.2. 27.0 0019 0014 
50.0 20.8 31.38 0014 0012 21.2 Bae 0019 -0014 
60.0 23.8 36.2 -0014 0013 24.8 3950 -0019 -0014 


Units: HPV cm Twat D ent he 
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Table 9. 


Influence of glass sensor, brass heater material and 0.20 cm 


wound on HPVS, HPVM and longitudinal diffusivities with symmetrical 
sensors configured (-0.96,0.0.96 cm) and (-1.44,0,1.44 cm). HPVS's 

calculated from temperature ratios at 120 s. HPVM's and longitudinal 
diffusivities calculated from temperature data at 60, 120 and 180 s. 
Values for HPVM marked "im" are imaginary, i.e., the square root of 


a negative number. 


(-0.96,0,0.96 cm) 


HPVI HPVS HPVM 
(1) (2) (3) 
0.0 0.0 3.8 
5.0 VEE | ae 
10.0 eye 0.0 
20.0 On7 tr Tam | 
S080% lose 19.4 

40.0 16.3 25.0 
50.0 18.6 S02 
60.0 20.6 34. J, 
0.0 0.0 im 
svat 2.9 im 
10.0 eG ae 6) 
20.0 10.4 r2.9 
30.0 L414 19 a 

40.0 } RY fet | 260 
50.0 19.6 30,.9 
60.0 21.8 35.36 
0.0 0.0 im 
5.0 3.0 im 
£0.0 aya «| Ae 
20.0 tO3 7 12.9 
30.0 14.5 19.9 
40.0 bp Phe: 26.0 
50.0 20.0 SB eS 
60.0 22 04 3622 


Units: HPV cm foes D cm 


pt up 


Imposed Mgw = 0. 


0022 
0022 
0023 
0024 
0024 
0024 
- 0024 
0024 


Imposed Mgw = l. 


-0018 
-0018 
-0019 
0020 
- 0020 
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(at Mgw = 0.5, 1.0 and 1.5 respectively) with both sensor mater- 
ials and wound (column 2, Tables 8). (I did not perform simi- 
liar "no sensor" simulations to compare with those configured 
-0.96,0,1.44 cm). The effect of sensor material is such that 

the HPVA and HPVM at Mgw = 1.5 is slightly greater than that 
obtained at Mgw = 0.5 (Table 8, columns 2 and 3, 6 and 7); 

the opposite occured in the "no sensor" simulation (Table 3, 
column 4 and 13). 

The results with the symmetrical configurations (Table 9) 
are much the same as with those asymmetrical. The comparative 
"no sensor" simulation results are given in Table 5. 

The effect of sensor materials on longitudinal thermal dif- 
fusivity, pit is to reduce the magnitude of the value calculated 
in dry sapwood (Mgw = 0.5), and to increase its magnitude in wet 
sapwood (Mgw = 1, 5% This sensitivity to sensor materials may 
be important if pt and Pb are used to estimate sapwood moisture 


content with Equation 17 (p. 26). Also, D's calculated with 


temperature data from the up and downstream sensors were different 


depending upon spacing and imposed HPV (Tables 8, 9; columns 4 
and 5, 8 and 9); the value obtained from downstream sensor data 
became smaller, that from the upstream sensor larger, as HPVI 
was increased from 0 to 60 cm fie, However, the average of 

the pit, obtained from the up and downstream sensor data was 
fairly close to that obtained at HPVI = O at all greater HPVI's 
with both symmetrical sensor arrangements (Table 9) and the 


asymmetrical one (Table 8) configured (-0.96,0,1.44 cm). 
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Case 6, effect of stem tissue borders, RLM only 


This group was divided into five subcases. In each, I 
applied the RLM without sensor or heater materials to several 
"stem radii" composed of differing arrangements of bark, sapwood 
and heartwood. These were: 

a) Bark, sapwood, no heartwood. 

b) Sapwood, heartwood, no bark. 

c) Bark, three centimeters of sapwood, heartwood. 

d) Bark, two centimeters of sapwood, heartwood. 

e) Bark, one centimeter of sapwood, heartwood. 

In each instance, bark and heartwood moisture contents were 
held constant at 0.0 and 0.4 (moisture fraction, dry weight 
basis) respectively while sapwood moisture content was varied 
from 0.5 to 1.5. Uniform heat pulse velocities were imposed 
across the sapwood. My rationale for imposing uniform HPV's 
across the entire sapwood was to make these results a standard 
set against which to compare other, possibly more realistic, 
distributions (e.g. Xylem flow structure, p. 128). Sap move- 
ment in the bark and heartwood was considered to be nil. 

The results for each subcase are presented on three graphs: 

1) Longitudinal diffusivity, Des HPVM and HPVA at HPVI 

= 0. 
2) HPVM at each of the three moisture contents and at 


HPVE's from 5 to 30 cm tat 


3) HPVS and HPVA at HPVI's from 5 to 30 cm hl. 


HPVS has not been presented at HPVI = 0 because it was 


always zero there. HPVS's and HPVA's were only marginally dif- 
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ferent at the three moisture contents; therefore only those 
obtained at Mgw = 1.0 have been displayed. HPVM's varied the 
most widely among the subcases. Thus it has been displayed at 
all moisture contents and HPVI's. HPVP's, where obtained, 
behaved similiarily to HPVM's and the HPVM traces can be con- 
sidered as applicable to both. Between HPVI = 5 and 30 cm he, 
HPVS traces can be considered as applicable to HPVT's as well. 
Case 6a, 0.32 cm bark, 3.68 cm sapwood, no heartwood 
These results are shown in Figure 12, Figure 13 and Figure 
14. The presence of bark and the heat loss through it are evi- 
dent in all traces. At HPVI = O (Fig. 12), longitudinal diffus- 
ivity is affected to a depth of 2.0 cm at Mgw = 0.5 and to 1.0 cm 
at Mgw = 1.5. HPVM's are greatly in error at depths less than 


1 at the bark/sapwood inter- 


2.0 cm, ranging from 9 to 15 cmh. 
face to imaginary between 1.6 and 2.0 cm deep. HPVM's are closer 
to those imposed at HPVI's greater than 5 cm hae (Hig. 13), but 
are still seriously in error at depths less than 2 cm at the 
lower HPVI's. 

HPVA's at HPVI = 0 are little affected by the bark/sapwood 
border (Fig. 12). At HPVI's of 5 to 30 cm SLs both HPVA and 
HPVS are relatively stable and calculate the same as HPVI at 
depths greater than 1.0 cm (Fig. 14). 

Case 6b, no bark, 3.32 cm sapwood, 0.68 cm heartwood 

These results are shown in Figure 15, Figure 16 and Figure 


17. At HPVI = O (Fig. 15), longitudinal diffusivity is affected 


by the sapwood/heart-wood interface at 1.3 cm from it. HPVM's 
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VALUES CALCULATED FROM NUMERICALLY GENERATED TEMPERATURE FIELD 
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Figure 12. Influence of stem tissue borders on heat pulse calcul- 
ations of longitudinal diffusivity, HPVM and HPVA at HPVI 
= 0. Radial-longitudinal model with 0.32 cm bark, 3.68 cm 
sapwood, no heartwood. Sapwood moisture fraction (dwb) (A) 
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Figure 13. Influence of stem tissue borders on HPVM calculations. 
Radial-longitudinal model with 0.32 cm bark, 3.68 cm sapwood, 
no heartwood. HPVM's at HPVI's = (A) 5.0, (B) 10.0, (C) 

2050 ,3D) 3050) cm/h. 
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Figure 14. Influence of stem tissue borders on HPVA, HPVS and 
HPVT calculations. Radial-longitudinal model with 0.32 cm 
bark, 3.68 cm sapwood, no heartwood. HPVA and HPVS at sapwood 
moisture fraction 1.0. HPVI's = (A) 5.0, (B) 10.0, (Cc) 20.0, 
(D) 30.0 cm/h. 
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Figure 15. Influence of stem tissue borders on heat pulse calcul- 
ations of longitudinal diffusivity, HPVM and HPVA at HPVI 
= 0. Radial-longitudinal model with no bark, 3.32 cm sapwood, 
0.68 cm heartwood. Sapwood moisture fraction (dwb) (A) 0.5, 
(B) IlO}, (CO? 135% 
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Figure 16. Influence of stem tissue borders on HPVM calculations. 
Radial-longitudinal model with no bark, 3.32 cm sapwood, 
0.68 cm heartwood. HPVM's at HPVI's = (A) 5.0, (B) 10.0, 
(G) 20.0, 4D), 30.0 cm/h. 
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Figure 17. Influence of stem tissue borders on HPVA, HPVS and 
HPVT calculations. Radial-longitudinal model with no bark, 
3.32 cm sapwood, 0.68 cm heartwood. HPVA and HPVS at sapwood 
morsttre fraction’ 120% HPVI" s¥=> (A) 5750, °CB) 080, *(C) 20005 
(D) 30.0 cm/h. 
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are influenced by the heartwood at 1.2 cm deep, i.e., 2.12 cm from 
the sapwood/heartwood interface. HPVA's in the sapwood are only 
mildly affected by the sapwood/heartwood border, but tend toward 
slightly negative values (ca. -0.4 cm hry in the heartwood. 

At HPVI's from 5 to 30 cmh 2 (Fig. 16), HPVM's in the 
sapwood are relatively free of the influence of the sapwood/ 
heartwood border only when HPVI's are greater than 10 cm — 
and at distances more than 1.2 cm from it. Both the HPVA and 
HPVS configurations give HPV values nearly equal to HPVI up 
to 1.4 cm from the sapwood/heart-wood border (Fig. 17). Near 
this border, HPVA's range from much greater to less than imposed, 
In the same portion of the sapwood, HPVS's decline more or 
less linearly into the heartwood. 

The simulations were extended to 60 cm nit to further 
document the erratic behavior of HPVA near the S/H border. 
Similiar erratic behavior was found to occur with the HPVS, 

HPVM and D! solutions as well (Tables 10, 11). HPVT values 

were unaffected by this border (Table 12). The tz used in the 
HPVT equation (Eq. 9, p. 23) becomes smaller as HPVI increases 
(tz at HPVI = 10 was 86 s, at HPVI = 60, 14 s). This suggests 
that temperatures measured at shorter time intervals, e.g. 

30,60 and 90 s, might produce more stable results than those 
displayed (at 60, 120 and 180 s). This is indeed the case. 

The results with 30 s time intervals (30, 60, 90 s, Table 10) 
indicates that HPVA still becomes erratic above HPVI = 50 cm ate 


However, when HPVS and p! are calculated from temperatures 


taken at 30 s intervals, their values are stable at all points 
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Table 10. 


Influence of sensor position with respect to the sapwood 


heartwood border, and time interval used in the solutions to the equa- 
tions HPVA, HPVM, HPVS and longitudinal diffusivity. Solutions obtained 


from temperatures at 60 s intervals, i.e., 60, 120 and 180 s from 
initiation of heat pulse. Solutions times used: 


HPVA 60, 120 s; HPVM 


and longitudinal diffusivity 60, 120 and 180 s; HPVS from temperature 
ratio at 120 s. Radial longitudinal model, no wound, no sensor mater- 
ials. Sapwood Mgw = 1.0, Pb = 0.4; heartwood Mgw = 


Depth 
HPVI 
(1) 


DOF WNhH ee 
a Yet am Joe em Syn ceo ot <> Oh caw YL 1 JO ca} 
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1.6 


(2) 


-0018 
-0019 


Units: 


In sapwood 
1.2 0.8 

(3) (4) 
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Table 11. Influence of sensor position with respect to the sapwood 
heartwood border, and time interval used in the solutions to the equa- 
tions HPVA, HPVM, HPVS and longitudinal diffusivity. Solutions obtained 
from temperatures at 30 s intervals, i.e., 30, 60, and 90 s from init- 
lation of heat pulse. Solutions times used: HPVA 30, 60 s; HPVM and 
longitudinal diffusivity 30, 60 and 90 s; HPVS from temperature ratio 
at 60 s. Radial longitudinal model, no wound, no sensor materials. 
Sapwood Mgw = 1.0, Pb = 0.4; heartwood Mgw = 0.4, Pb = 0.4. 
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Table 12. Influence of sensor position with respect to the sapwood 
heartwood border. HPVT values, which are obtained at times dependent 
on the speed of HPVI, are given here for comparison with the fixed 
time solutions given in Tables 10 and 11. Radial longitudinal model, 
no wound, no sensor materials. HPVI's marked (--) means that tz not 
reached during 180 s simulation time. Sapwood Mgw = 1.0, Pb = 0.4; 
heartwood Mgw = 0.4, Pb = 0.4. 
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in the sapwood or heartwood from HPVI = 0 to 60 cm hn! (Table 
11). The values obtained for HPVM are unstable at some HPVI's 
at 0.4 cm into the heartwood (Table 10, 11; column 7), regardless 
of the time intervals used to obtain their solution. 
Case 6c, 0.32 cm bark, 3.0 cm sapwood, 0.68 cm heartwood 

These results are shown in Figure 18, Figure 19 and Figure 
20. At HPVI = O (Fig. 18), calculated longitudinal diffusivity 
is equal to that imposed only between the 1.8 and 2.2 cm depths 
for all moisture contents. a behaves somewhat better at the 
higher moisture contents, equaling that imposed between the 
1.5 to 2.2 cm depths when Mgw =1.0 and between 1.0 to 2.3 cm 
depths when ae = 1.5. HPVM's are never the same as the imposed 
values anywhere in the cross section at HPVI = 0. Furthermore, 
the calculated values of HPVM are imaginary at the depths where 
the longitudinal diffusivities are relatively stable. HPVA's 
depart marginally (ca. 0.4 cm i) from imposed at both the 
bark/sapwood and sapwood/heartwood borders. 

At HPVI's from 5 to 30 cm hae HPVM's behave somewhat 
better (Fig. 19), although at HPVI's of 5 and 10 cm ie the 
calculated values are different from imposed over most of the 
sapwood. HPVA's are again "humped" near the sapwood/heartwood 
border (Fig. 20). Both HPVA and HPVS calculate the same as 
HPVI between the 1.0 and 2.0 cm depths. 

Case 6d, 0.32 cm bark, 2.0 cm sapwood, 0.90 cm heartwood 
These results are shown in Figure 21, Figure 22 and Figure 


23. At HPVI = O (Fig. 21), longitudinal diffusivity calculates 
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VALUES CALCULATED FROM NUMERICALLY GENERATED TEMPERATURE FIELD 
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Figure 18. Influence of stem tissue borders on heat pulse calcul- 
ations of longitudinal diffusivity, HPVM and HPVA at HPVI 
= 0. Radial-longitudinal model with 0.32 cm bark, 3.00 cm 
sapwood, 0.68 cm heartwood. Sapwood moisture fraction (dwb) 
(A) 0355, (BD} 130, 0CG07%.5. 
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Figure 19. Influence of stem tissue borders on HPVM calculations. 
Radial-longitudinal model with 0.32 cm bark, 3.00 cm sapwood, 
0.68 cm heartwood. HPVM's at HPVI's = (A) 5.0, (B) 10.0, 

(C) 20.0, (D)o 30.0 ‘em/h. 
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Figure 20. Influence of stem tissue borders on HPVA, HPVS and 
HPVT calculations. Radial-longitudinal model with 0.32 cm 
bark, 3.00 cm sapwood, 0.68 cm heartwood. HPVA and HPVS 
at sapwood moisture fraction 1.0. HPVI's = (A) 5.0, (B) 
410.0, 5(C)820209,(09930.0 .cm/h. 
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Figure 21. Influence of stem tissue borders on heat pulse calcul- 
ations of longitudinal diffusivity, HPVM and HPVA at HPVI 
= 0. Radial-longitudinal model with 0.32 cm bark, 2.00 cm 
sapwood, 0.90 cm heartwood. Sapwood moisture fraction (dwb) 
(A) O55, (B10 ,-60G0N 4.5. 
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Figure 22. Influence of stem tissue borders on HPVM calculations. 
Radial-longitudinal model with 0.32 cm bark, 2.00 cm sapwood, 
0.90 cm heartwood. HPVM's at HPVI's = (A) 5.0, (B) 10.0, 

(C) 20.0, (D) 30.0 cm/h. 
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Figure 23. Influence of stem tissue borders on HPVA, HPVS and 
HPVT calculations. Radial-longitudinal model with 0.32 cm 
bark, 2.00 cm sapwood, 0.90 cm heartwood. HPVA and HPVS 
at sapwood moisture fraction 1.0. HPVI's = (A) 5.0, (B) 
10.0, (Cc) 20.0, °€B3a30<0 cm/h. 
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the same as imposed only for the 0.1 cm of sapwood between 
1.2 and 1.3 cm depth at all moisture contents, and only between 


0.7 and 1.3 cm at Mgw = 1.0 or 1.5. HPVM is defined over the 


I! 


entire sapwood at Mgw = 0.5, but is erratic and/or imaginary 
at depths greater than 1.2 cm at Mgw = 1.0 or 1.5. HPVA cal- 
culates close to zero over the entire sapwood. 


At HPVI's from 5 to 30 cm Ace 


» HPVM is inconsistent (Fig. 
22). It ranges from that imposed at 30 cm ht near the bark/ 
sapwood border to near zero at 5 cm oi just inside the heart- 
wood. HPVA is again "humped" at HPVI = 30 cm ie near the 
sapwood/heartwood border (Fig. 23). HPVS behaves much as it 
did in the 3.0 cm sapwood simulations. 
Case 6e, 0.32 cm bark, 1.0 cm sapwood, 1.1 cm heartwood 
These results are shown in Figure 24, Figure 25 and Figure 
26. At HPVI = O (Fig. 24), calculated longitudinal diffusivity 
never approaches steady values anywhere in the sapwood. HPVM's 
are defined but do not have the same value as those imposed. 
HPVA's are still relatively stable. 
At HPVI's from 5 to 30 cm 2 HPVM's (Fig. 25), show 
much the same pattern as that found in the two greater sapwood 
thicknesses. HPVA and HPVS (Fig. 26), are also much as in 
the previous figures. 
Case 7, 0.32 cm bark, 3.0 cm alternate early-latewood, 
0.68 cm heartwood 
Alternate 0.08, 0.12 and 0.20 cm wide layers of earlywood 
(EW) and latewood (LW) were imposed in the sapwood in the same 


general configuration as case 6c. This 50:50 ratio provided 
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Figure 24. Influence of stem tissue borders on heat pulse calcul- 
ations of longitudinal diffusivity, HPVM and HPVA at HPVI 
= 0. Radial-longitudinal model with 0.32 cm bark, 1.00 cm 
sapwood, 1.10 cm heartwood. Sapwood moisture fraction (dwb) 
(A) O05) (B10, Scena. 5. 
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Figure 25. Influence of stem tissue borders on HPVM calculations. 
Radial-longitudinal model with 0.32 cm bark, 1.00 cm sapwood, 
1.10 cm heartwood. HPVM's at HPVI's = (A) 5.0, (B) 10.0, 

C2) "2670, “(D) *S0'S0 scar ir. 
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Figure 26. Influence of stem tissue borders on HPVA, HPVS and 
HPVT calculations. Radial-longitudinal model with 0.32 cm 
bark, 1.00 cm sapwood, 1.10 cm heartwood. HPVA and HPVS 
at sapwood moisture fraction 1.0. HPVI's = (A) 5.0, (B) 
10,0, (C) 20.0, (D) 3020 cm/h. 
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a slightly higher higher percentage of latewood than found 

in many North American conifers (Cown and Parker 1978). As 
such, these simulations represent the worst case conditions 
that should be encountered in woods where the latewood width 

is 0.20 cm or less. According to Booker and Kininmonth (1978), 
the liquid permeability of latewood is very near zero compared 
to earlywood. Thus the HPV imposed on the earlywood was HPVI; 
in the latewood, HPVI was set at zero. The average HPVI across 
the sapwood was therefore HPVI/2. 

The results at all three EW:LW dimensions were identical. 
Calculated HPV's were one-half those imposed on the earlywood, 
1.e., exactly the true average. Except for this averaging 
effect, the plottings (which are not shown) were identical 
to those of Figure 18 to 20. 

General conclusions from Case 6 

Sensors must be emplaced at least 1 to 1% cm deeper than 
the bark-sapwood interface and not closer that 1% to 2 cm to 
the sapwood heartwood interface to approximate idealized con- 
ditions. This effectively rules out application of line heat 
source idealized heat pulse theory to ring porous stems of 
any size, and to the stems of seedlings or small saplings regard- 
less of wood structure. 

HPV's are a better indicator of imposed heat pulse veloc- 
ities near the B/S border than they are at the S/H border. 

An explanation for this apparently lies in the amount of heat 
lost to the "outside" compared to that lost to the heartwood. 


Figures 14 and 15 tend to substantiate this line of reasoning. 
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In Figure 14, the heat loss from the inner border of the sapwood 
is zero and the calculated HPV's are the same as imposed. 
Likewise (Fig. 17), the heat loss from the sapwood to the "outside" 
is zero with comparable results. The sensitivity of the radial 
longitudinal model to outside border boundary conditions will 
probably make it difficult to exactly simulate real sensor 
installations, where the external heat losses can only be estimated 
within perhaps + 100%. 

Simulations with the radial longitudinal model indicate 
that relationships between the analytical solutions and imposed 
HPV or De which are specific to the depth from bark and/or 
distance from the sapwood/heartwood interface, must be used 
if valid results are to be obtained from sensors emplaced within 
1 to 2 cm of these tissue borders. Even with such specific 
solutions, HPVM (and HPVP) would not be usable much below HPVI 
= 20 cm he in the near-border sapwood regions. 

The "humped" behavior of HPVA at high HPVI's near the 
sapwood heartwood border casts some doubt as to its usefulness. 
The HPVT analysis method gives consistent results at all HPVI's 
(greater than about 5 cm ea and et. all: radial positions. 
The HPVS configuration appears to be the most consistent at all 
depths sapwood thicknesses and HPVI's, but one may have to re- 
sort to 30 s time intervals to implement this technique. Al- 
though numerically generated temperature data are usable for 
HPVS at any HPVI, Marshall (1958) indicated that it was practical- 
ly usable only up to a ratio of Td/Tu of 20, presumably because 


the quantity of heat reaching the upstream sensor becomes marg- 
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inally detectable at these faster speeds. With sensors spaced 
(-1.0,0.1.0 cm), a ratio of 20 corresponds to an HPVS of 16 


L when pi varies from 0.0015 to 0.0024 as in the 


to 25 cm h_ 
simulations above. These values for HPVS are marginally into 
the range where HPVM's may be usable for the higher HPVI's. 
Summary and conclusions from the general simulations 

A tangential longitudinal section through heat pulse probes, 
and a radial longitudinal section in the plane of the probes 
have been used to approximate a 3-dimensional heat and sap 
flow system representative of the implanted heat pulse method 
in a tree stem. The temperature fields that are created in 
stem sections in which heat pulse probes are emplaced were 
simulated using a numerical finite difference approach. These 
temperature fields were then analysed using an analytical solu- 
tion for the idealized case of heat transport by coupled dif- 
fusion and convection in an infinite medium. The resultant 
calculated heat pulse velocities or thermal diffusivities are 
displayed in tabular or graphic form for comparison of the 
numerical simulation results against imposed heat pulse velo- 
cities and thermal diffusivities. 

Both the tangential longitudinal and radial longitudinal 
models adequately represented the idealized case. Numerical 
simulations of the idealized cases reproduced the imposed values 
within acceptable limits set by the presence of truncation 
errors in the finite difference approximations. 

The simulations of any departure from the idealized case, 


resulted in calculated heat pulse velocities different from 
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those imposed. The most serious departures were those caused 
by nonconvecting material in the plane of the sensors, and 
at the junction of stem tissues, such as at the bark/sapwood 
and sapwood/heartwood interfaces. 

An inescapable conclusion resulting from these analyses 


is that a heat pulse method, based solely on idealized heat 


estimate sap flux to an acceptable accuracy in any practical 


situation. Solutions to the heat transport equation must be 
specific to the instrumentation and to the general anatomical 
characteristics and thermal properties of the stem into which 
the heat pulse probes are emplaced. The degree to which the 
simulated results can be expected to provide an accurate link 
between analytical theory and practical application, is reported 


in Chapter V. 
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CHAPTER V 
APPLICATION OF NUMERICAL ANALYSES RESULTS 

Introduction 

The ultimate test of these new analyses is in their appli- 
cation to measurement of transpiration in diffuse porous and 
coniferous trees. Transpiration, considered here as equal 
to total sap flow expressed either as a rate or periodic sum- 
mation, is the sum of the sap flow calculated for the torodial 
partial areas associated with each HPV sensor, or group of 
sensors, if several are installed at multiple depths into the 
sapwood (Fig. 27a). Wood basic density, Pb, and sapwood moisture 
fraction, Mgw, can be obtained destructively for each partial 
area or as an average common to all. 

A quantitative test demands not only that one be able 
to seernine true heat pulse velocities at any given point 
in a stem cross section to an acceptable accuracy, but that 
the sapwood moisture content, basic wood density and the sap 
conducting area be measureable to comparable accuracy. To 
determine true HPV's, one must have at his disposal, relation- 
ships that can be used to correct the measured HPV's for wound 
and position of the sensor tips. To evaluate such a quantitative 
comparison, one must also have an independent measure of the 


actual transpiration of known accuracy. 
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Figure 27. Schematic representation of the toroidal area and 
initial and subsequent wound widths associated with each 
heat pulse velocity probe installation. (a) Toroidal areas 
Ajo» Ang associated with sensor tips at 1 and 2 cm depths, 
d, from the B/S interface. (b) Initial wound width upon 
probe implantation. (c) Increase in wound width as tree 


responds to isolate the damaged tissue. 
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HPV instrumentation 

To a large degree, the type of experimental verification 
that can be done depends upon the type of i weahebened etori avail- 
able for determining heat pulse velocities. Prior to 1981 (that 
is about two-thirds of the way through this study), the only 
instrumentation that I had access to, indicated or recorded 
temperature difference (Td - Tu) and tz used to calculate 
HPVT's (Swanson 1962, 1967b, 1974a). All but the most recent 
Bip idinegelints reported below are of applications of HPVT data. 
During 1980 - 1981, a microprocessor controlled 16-channel digital 
"HPV logger" was constructed to record the relative temperature 
registered at an upstream and downstream sensor at times 60, 

120 and 180 s after a heat pulse. Temperature rise data can 

be used to calculate HPVA, HPVM and pt or HPVS, HPVM and p! 
depending upon the configuration of the sensors. Neither HPVT 
nor HPVP can be obtained from these discrete time-temperature 
data. 

As a result of this late instrument development, the number 
of HPVT data sets available far exceeds that of the latter 
type. In addition the "best" tree cross sections in terms 
of meeting the idealized criteria for sapwood thickness are 
with HPVT data sets. This is unfortunate as HPVT's less than 
about 2.0 cm nv} and diffusivities (which might prove useful 
to provide a continuing estimate of moisture content for sap 


flux calculations) are not available for them. 
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Situations and results to be examined 

The numerical solutions of the two models at various imposed 
conditions displayed in Chapter IV provide quantitative relation- 
ships between imposed and calculated heat pulse velocities. 
These relationships are testable to the extent that the models 
represent real situations encountered in heat pulse applications. 
Because of the sparseness of complete "transpiration" data 
sets, which would include HPV's, pits or sapwood moisture content 
and sapwood area, it is my intent to verify the model predictions 
that involve only heat pulse velocities and then to tackle 
the larger task of comparing calculated and measured trans- 
piration. In this chapter I will thus examine the following: 

It Instrumentation and/or practice aimed at integrating 
HPV across the sapwood, ascertaining sap flux or 
area for which there are sufficient experimental 
data to compare with the numerical simulations from 
Chapter IV or those of simulations specific to the 
instrumentation in question. 

2. Empirical studies of measured transpiration and compar- 
isons of heat pulse velocities where the idealized 
conditions were most closely met, i.e., those where 
the sensors were emplaced at least 1 cm into sapwood 
of radial cross section 2 cm or greater. 

3% Results of quantitative comparisons where the idealized 
conditions were marginally met, i.e., sapwoods less 


then 2 cm wide in radial cross section. 
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EXAMINATION OF INSTRUMENTATION AND PRACTICE 
Heat pulse duration 

According to Marshall's (1958) idealized theory, the heat 
pulse used should be instantaneous. Most workers have inter- 
preted "instantaneous" rather loosely. Considering reports 
of application of both Huber's (1932) and Marshall's (1958) 
techniques, heat pulses ranging from 1 to 40 s have been consid- 
ered instantaneous with the majority less than 10 s, i.e: 1 s 
(Swanson 1962; Edwards 1980; Miller, Vavrina and Christensen 
1980); 1 to 2 s (Decker and Skau 1964); 1 to 10 s (Huber and 
Schmidt 1937); 2 s (Gifford and Frodsham 1971; Morikawa 1972); 
4 s (Hinckley 1971b); 8 s (Bloodworth, Page and Cowley 1955); 
10 s (Heine and Farr 1973) and 40 s (Ladefoged 1960). All 
of those cited considered their results to be satisfactory. 

I simulated the effect of heat pulse durations ranging 
from 1 to 10 s using the tangential-longitudinal model, sapwood 
moisture fraction Mgw = 1.0, glass sensors, brass heater and 
0.20 cm wound. Heat pulse durations of 1 to 4 s have minor 
effect (less than 5%) on HPVA's or HPVS's at all imposed HPV's, 
and above HPVI = 10 cm ie minor effect on HPVM's and HPVP's 
as well (Table 13). Longitudinal diffusivity at HPVI = O de- 
creased by 6% at heat pulse length 4 s and calculated values 
for p} at all HPVI's are 5 to 15% lower for heat pulse durations 
of 6 to 10 s than those for 1 to 4 s. I did not attempt the 


40 s heating duration of Ladefoged (1960) as his technique 
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was totally alien to the theoretical analyses in question here; 
his heat pulse duration is only mentioned to indicate the wide 
interpretation of "instantaneous." 

Sensor configuration 

The sensor configurations for the data reported in Figure 
6 (p. 50) were simulated (TLM) with glass sensors, brass heater, 
0.20 cm wound and configurations (-0.5,0,0.72 cm; -0.5, 0,1.0 
cm). In these installations, sensors tips were 1.25 cm from 
the B/S border, approximately 1.7 to 1.8 cm from the bark sur- 
face, and greater than 1.5 cm from the S/H border. This place- 
ment is comparable to the 1.6 to 2.0 cm depth in the RLM sim- 
ulations for 3.0 cm sapwood (Fig. 20, p. 105) where the effects 
of either stem tissue borders are minimal. The data taken 
were HPVT's. 

The TLM simulations are shown in Figure 28, the corrected 
experimental data in accordance with these simulations in Figure 
29. Each of the 25 pairs of sensors is assumed to sample the 
same sap flow. Therefore, the HPV values obtained from both 
should be the same. For the raw data of Figure 6 (p. 50), the 
mean difference was 2.9 cm hee, (Student's) t™= 7.93,°P<0.01, 
indicating a significant difference between HPV data pairs 
obtained from the two configurations (Freese 1967). By contrast, 
for the corrected HPV's (Fig. 29), the mean difference is 0.7 cm 
ity t = 0.51, P <.01, indicating no significant difference 


between the corrected HPV's. 
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[IMPOSED HPV, CM/H 


Figure 28. Tangential longitudinal simulation of HPV probes: 
effect of spacing 0.16 cm diameter glass rod thermistor sensors 


up and downstream from the heater, both plottings at W =0.20 cm. 


Sensor spacing (A) (-0.5,0,1.0 cm), (B) (-0.5,0,0.72 cm). 
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CM/H 


HPVTC-2.5,2-1.4@ CM) CORRECTED AT We. 28 CM, 


A 14 28 3H 4H a | sy 4 
HPVTC-2.8/@/ .72 CM) CORRECTED AT W=.24 CMs <M/H 


Figure 29. Corrections of Figure 28 applied to experimental 
data from sensors spaced (-0.5,0,1.0 cm) and (-0.5,0,0.72 cm). 
For these corrected data, the mean difference is 0.7 cm/h, 
(Students) t = 0.5, (P<.01) i.e., there is no significant 
difference between the corrected data pairs (cf. Fig 6, p. 
50). Dashed line (---) is 1:1. 
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Effect of wounding 


Wound width (width of nonconvecting tissue, W) upon initial 
installation cannot be less than the diameter of the largest 
diameter probe (sensor or heater) of an installation (Fig 27b). 
With painstaking care during installation, one can limit lateral 
excursion of the holes drilled to approximately + 0.02 cm of 
a centerline drawn through the three probes. I always consider 
minimum wound, with 0.16 cm diameter probes, as 0.16 + 0.04 cm, 
i.e., 0.20 cm. The ones used in the experiment illustrated 
in Figure 5, (p. 47) were of 0.16 cm diameter glass materials, 
installed at 1.7 to 1.8 cm depth from the bark surface in the 
Same trees as in the sensor configuration study above and the 
same imposed conditions apply except for spacing: all were 
configured (-0.5,0,1.0 cm). 

TLM simulations, specific to the glass materials of these 
sensors at wounds of 0.20, 0.28, 0.36, 0.44 and 0.52 cm, provide 
coefficients (Table 20, p. 216; HPVC = a + bHPVT + cHPVT’) 
for correcting HPVT data at a particular wound width. The 
wound width increases (Fig. 27c) and the sensors decline in 
sensitivity with time. At 30 d the ratio of old to current 
HPVT's is approximately 0.75 and at 100 d or more, 0.5 to 0.6 
(Fig. 5, p. 47). Considering the "current" installations at 
W = 0.20 cm; “old" as those at wounds greater than 0.20 cm, 
at a mean measured current HPVT of 13.7 cm ee a ratio™'old™ 


to "current" of 0.75 occurs at W = 0.32 cm, of 0.6 at W = 0.44 cm 
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and of 0.5 at W = 0.52 cm. Wounds widths 0.32 to 0.60 cm were 
measured at comparable installations in trees in the same vicinity. 
Xylem flow structure and sapwood thickness 

Heat pulse velocities taken at various depths in the xylem 
have been used to infer the pattern that a curve drawn through 
the sap speed at several locations between the cambium and 
sapwood-heartwood border might exhibit as well as the location 
of the S/H border (Swanson 1967b, 1974b; Edwards 1980). I 
reported that sap speed, as indicated by heat pulse velocity, 
was faster at 1 to 2 cm into the sapwood than near the bark 
in lodgepole pine and Engelmann spruce (Figure 30A, Picea engel- 
mannii Parry only; from Swanson 1967b). Waring and Roberts 
(1979) suggested a maximum rate of sap movement at 2~3 cm into 
the sapwood in Scots pine (Pinus sylvestris L.). Both of these 
results suggest a "parabolic" type radial distribution. 

Practical application of the heat pulse technique to tran- 
Spiration measurement would be simpler if a parabolic HPV radial 
depth pattern existed because: 1) fewer sensors would be required 
to integrate sap flux over the sapwood (Swanson 1970,1974a); 
and 2) the position of the sapwood/heartwood border could be 
inferred from the pattern, so that the sap conducting area of 
a stem could be derived solely from HPV measurements. Unfor- 
tunately, sapwood permeability studies mitigate against such a 
radial distribution pattern as being consistently present, even 


in conifer sapwood (Booker and Kininmonth 1978, Booker and 
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Figure 30. Radial depth profiles of experimental and RLM sim- 
ulated HPV values obtained with 0.16 cm diameter brass point 
sensors located at various depths in a stem. (A) Experimental 
HPVT data, Picea engelmanii, (Swanson 1967b). The position 
of the S/H border is not indicated on the plotting because 
it was not determined when the data were taken. (B, C and 
D) Simulated HPVA data, ( ) HPVI; (% X) HPVA calculated 
from simulated temperature field. 
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Swanson 1979). However, a general parabolic pattern of radial 
sapwood permeability distribution similiar to Figure 30A was 
found in some sapwoods, and these HPV experimental data are 
useful to compare with the RLM results from similiar imposed 
HPV distributions (Fig. 30C and D). 

RLM simulations with spherical brass "point" sensors (Swan- 
Son l967 ) ca tie slr 5, 4120 fo] FS. ro2.. O82 S55 HO Land) 3. 5’ car depths 
below the B/S interface, in 3.2 cm thick sapwood at three radial 
HPVI distributions are shown on Figures 30B, C and D. The eee 
imental HPVT data (Fig. 30A) follow a radial pattern between 
the two non-uniform ones that were simulated (Fig. 30C and D). 
Barring major differences in sapwood moisture content at the 
differing radial positions, sap flux at each sensor is propor- 
tional to HPV. The implication of these experimental and simu- 
lated results (Fig. 30A, C and D) is that radial depth HPV 
patterns will resemble true radial depth sap movement patterns. 
And contrary to the expectations of some, (Kramer and Kozlowski 
1979) sap speed in nonporous wood is not always fastest in 
the sapwood layers just inside the vascular cambium. 

The position of the S/H border is unknown for the data 
of curve A (Fig. 30). And it is fairly clear from the simulated 
plottings (Fig. 30B to D) that the position of the S/H border 
would be difficult to discern from the minor change in HPV 


magnitude that occurs across it. A better indicator of the 
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S/H border is the radial pattern of liquid permeability across 
the sapwood. In P. contorta, the saturated liquid permeability 
of the sapwood was found to be as high one to two growth increm- 
ents from the heartwood as at any shallower position (Booker 
and Swanson 1979). A more generally encountered pattern was 
indicated by the other species studied, (Cryptomeria japonica 
D. Don, Nothofagus solandri, Pinus montezumae Lamb., P. radiata, 
Pseudotsuga menzeisii) in which there was a gradual reduction 
in eericeren longitudinal permeability with increasing radial 
depth to a value of 0.5 to 0.6 of peak permeability at the 
sapwood/heartwood border where it abruptly dropped to near 
zero (Booker and Kininmonth 1978, Booker and Swanson 1979). 
This abrupt change in liquid permeability is probably the best 
delimiter of the S/H border and the inner extent of sap conduc- 
ting xylem. 
Smoothing effect of sensor materials in radial profile 

Upon preliminary work up of the potometer HPV and water 
uptake data (See Quantitative Comparisons, Hardwood Potometers, 
p- 168.), it became evident that the low thermal conductivity 
Teflon sensors installed in these stems (Appendix E) were be- 
having differently than the higher thermal conductivity glass 
rod sensors used (Fig. 31B) in most previous experiments (or 
a brass sensor, Fig. 31C, used in one instance; Pinus banksiana 
Lamb.). The data from a Teflon sensor, with tip placed in 
the heartwood, indicated an HPVA much closer to zero than that 


obtained with either the glass or brass sensors (Fig. 31). 
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Figure 31. Experimental data obtained with (A) low thermal 
conductivity Teflon sensors in Populus tremuloides Michx. (B) 
high thermal conductivity glass in Picea glauca (Moench) Voss 
and (C) brass rod sensors in Pinus banksiana. Sensors emplaced 
at several positions relative to the S/H border. Note that 
HPV's from both glass and brass sensors are much the same mag- 
nitude within 0.5 cm on either side of the S/H border, and 
that none of them indicate HPV = 0 on the heartwood side of 
this border. 
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I undertook a few RLM simulations, with sensor materials along 
the entire radius from the outside border to the tip, to see 
if the observed data could be at least qualitatively described 
with this model. 

The 'no sensor" RLM simulations are for points, not planes, 
and are thus valid simulations of a physically realistic system. 
When probe materials lie along a radius, the RLM simulates 
each probe as a plane in the xylem cross section, not a line 
as it is in fact. Although the representation of oye probes 
in this way is physically unrealistic and the absolute magnitude 
of the HPV's derived from the simulated temperature data is 
‘too low, the relative magnitude of HPV's obtained at differing 
positions along a radius from the RLM simulations with sensor 
materials, is apparently correct (Fig. 32). The relative change 
in HPVS, HPVT or HPVA magnitude across the S/H border in the 
"no sensor" and Teflon materials simulations (Fig. 32A,B) is 
on the same order of magnitude as the experimental data obtained 
with Teflon sensors (Fig. 31A). All of the higher thermal 
conductivity material simulations (Fig. 32C,D,E) are similiar 
to the experimental data for glass or brass sensors (Fig. 
31B and C). These simulations and experimental data indicate 
that HPV's measured within 0.5 cm of either side of the S/H 
border will be more indicative of movement in the sapwood than 
the lack of movement in the heartwood. The high thermal con- 


ductivity materials tend to smooth out the abrupt transition 
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HPV 'S<CALCOLATEDSF ROM SIMULATED TEMPERATURES: 
s 


Figure 32. Radial longitudinal model simulations with several 
sensor materials. (A) no sensor material, (B) Teflon, (C) 
glass, (D) brags, (E) aluminum. HPVI (——); HPVA (X—X). 
These simulations tend to confirm the experimental results 
(Fig. 31) obtained using similiar sensor materials. The 
high HPVI's of the sapwood are indicated by HPVA's at the 
high thermal conductivity sensors 0.5 cm or more into the 
heartwood. The low thermal conductivity Teflon sensor behaves 
similiarly to the no sensor simulation (A). None of the 
simulations indicate that the S/H border would be clearly 
defined by a sharp decline in HPV's measured near it. 
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at the border. Thus corrections to HPV's, obtained from sensors 
positioned near the S/H border, may be less important for high 
thermal conductivity material sensors than for those constructed 
of low thermal conductivity materials. 
HPVM's at low HPV's 

The extreme sensitivity of the HPVM and HPVP solutions 
to outside border conditions, (Fig. 12, p. 92; Fig. 18, p. 
103, etc.), was a surprise to me. Marshall (1958) indicated 
that the sensor needed to be embedded 0.5 to 1 cm below the 
surface to minimize the effect of unknown heat losses on the 
temperature rise data. I expected erratic performance for 
the HPVM configuration at these shallow depths as Marshall 
(1958) indicated that the square of the heat pulse velocity 
values were + 10, giving a probable error of 3 to 4 cm ee 
In Figures 12, 18, etc., HPVM's are much greater than 3 to 
4 cm ae at all depths less than 1.6 to 2.0 cm. At Mgw = 0.5, 


] 


HPVM's are between 10 and 15 cm h~° and at Mgw = 1.5, they 


are generally between 5 and 10 cm ae 

The availability of the 16-channel HPV logger made it 
possible to experimentally test these simulated results. In 
the first test at HPV = 0, sixteen Teflon sensors were installed 
in a bolt cut from a standing dead tree (Mgw = 0.2 to 0.4; 
SWT 1 - 2 cm) and in a bolt of green wood (Mgw = 0.7 to 1.0; 


SWT 4 - 5 cm), both Pinus contorta. The sensors were init- 


ially installed to a depth of 3.0 cm from the bark surface, 
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read 3 to 4 times at 1l-hour intervals, then withdrawn by 0.5 
cm to a depth of 2.5 cm, read for 3 to 4 hours and so forth 
to a final depth) of 0:5 cm. 

The experimental results are superimposed upon RLM simulated 
curves in Figure 33A, standing dead, and Figure 33B, green. 

In the "dead" log, all of the HPVM's measured were real (that 
is not imaginary in the mathematical sense) and lie above the 
simulated HPVM curve for sapwood moisture fraction 0.5, i.e., 
in the position one would eeeace for moisture fractions of 

0.2 to 0.3. By contrast, 90% of the HPVM's obtained in the 
outer 1.5 cm of the green wood bolt were imaginary. The few 
values that were real fell below the simulated curve at sapwood 
moisture fraction for Mgw = 1.5, approaching the simulated 
values obtained with no heat loss to the outside (see Fig. 

15, p. 95, HPVM, all plottings). This sensitivity to border 
heat loss at zero sap movement phould be of use in determining 
boundary conditions to impose in future RLM simulations. Outside 
border heat loss conditions would be established by varying 
them until the simulated results approximated the single sensor 
experimental results. 

Data for a second test at slightly higher HPV's, were 
available as simultaneous measures of HPVA, HPVS and HPVM for 
the hardwood potometer experiments (See Hardwood Potometers, 

p- 168). Teflon sensors were installed at 0.2, 0.5, 0.8 and 


1.3 cm depths into sapwoods ranging from 1 to 1.4 cm thick. 
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Figure 33. Simulated (RLM) and experimental results with the 
HPVM one-sensor configuration at zero sap movement in a stand- 
ing dead dry (A) and green (B) wood bolt. In dry wood (A), 
where thermal conductivity is relatively low, the experimental 
results at wood moisture = 0.12 (X X) lie at approximately 
the proper magnitude for them in comparison with the simulated 
result at Mgw = 0.5 ( ). In the higher thermal conduct- 
ivity green wood at Mgw = ca. 0.9 (X———X), the results lie 
in the wrong position compared to the simulated result at 
Mew = 1.5 ( ). (Simulations at all moisture contents 
in boundary situations comparable to these are given in Figure 
24) px 110, andshag ete. po. 92.) 
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HPV data were selected from all four trees to cover all depths 
and a full range of magnitude of transpiration rates from 0 

to 120 mL eee Hourly sap flow rates calculated from the HPVA 
and HPVS values were within 5 to 15% of water uptake by the 
potometer trees. 

Over the range of HPVA's and HPVS's encountered in these 
trees (-2.8 toml7.7 cm he), they bear no relationship to HPVM's 
(Fig. 34). The coefficient of determination (Freese 1967), 

Ro, sti@acht depth (0.2, 0-5,-0.8 and 1dxames- 0.19, 0.12, 
0.00 and 0.11 respectively, which indicates essentially no 
correlation between the two variables. These data indicate 
that the single sensor HPVM measurement technique is not usable 
for estimating transpiration in coniferous and diffuse porous 
trees where measured HPVA's or HPVS's are generally less than 


20 cm hee, 


Accuracy of the HPVA and HPVS sensing configurations at zero 
flow 


The data sets obtained from the green and standing dead 
wood bolts above were also useful for decaemins the accuracy of 
the HPVA and HPVS sensing configurations at zero sap flow. 

Eight of the 16 sensors in each log were in the HPVA configura- 
tion (-0.5,0,1.0 cm) and eight arranged for HPVS (-0.1,0,1.0 cm). 

Average HPVA's ranged from -0.81 to 0.66 cm hat and -0.64 
to 1.06 cm he at the indicated depths in the green and dry 
logs respectively (Table 14). Comparable HPVS's were -0.11 to 
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0.94 cm h~ and 0.08 to 0.75 cm bo. This range is typical 
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Figure 34. Experimental results using the single sensor HPVM 
configuration at several sapwood depths where the sap movement 
was greater than zero. The B/S border is the reference point 
for the sensor depths. Sapwood thickness was 1 to 1.4 cm. 

(A) 0.2 ccm, AB) 0.87iem, CC). 0. 84cm (D)o1 43 cm. “Ahere* ie 
virtually no correlation between measured HPVA, HPVS values 
and HPVM's. 
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of the few experimental data I have obtained using these analyses. 
The standard error varies from + 0.25 to + 1.02 cm nee in 
wood at physiologically relevant moisture contents, and from 
waQs2o CO + 1. s0Dem Are in very dry wood. The standard error 
in HPVS measurements is slightly less than for HPVA's in moist 
sapwood, but the data from both configurations are of comparable 
accuracy. 

Errors in HPV's at zero sap flow arise from three sources: 
1) an inexact knowledge of the distance of each sensor from 
the heater; 2) nonuniform thermal diffusivities of the wood 
intervening between the heater and the up and downstream sen- 
sors; 3) longitudinal temperature gradients existing at the 
time of HPV measurement. The latter two are largely unavoidable. 
Therefore, these standard errors should probably be applied 
to all HPV's. ("Probably" because it is virtually impossible 
to establish uniform sap speeds greater than zero in order 
to obtain a similiar estimate of errors at higher heat pulse 
velocities.) 
Moisture content from longitudinal diffusivities 

As noted in Chapter II, Equation 17 (p. 26) can be used 
to calculate wood moisture content from measured longitudinal 
thermal diffusivity and wood basic density. The feasibility 
of doing so and the accuracy of wood moisture contents derived 
in this manner has not, to the best of my knowledge, been tested, 


although the dependence of wood thermal properties on moisture 
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content is well known (MacLean 1956, Siau 1971). The data 
sets from the 16-channel HPV data logger provided an oppor- 
tunity for a limited test of this technique here. 

Longitudinal thermal diffusivities were available for 
feo aspen and two birch trees (PT1, PT2, BP1l, BP2), one spruce 
lysimeter tree (PGl1) and two pine log sections. For each of 
the above, actual moisture fraction, (dwb), was determined 
at the end of an HPV data sequence. Moisture contents of the 
potometer stems and standing dead bolt were determined from 
four disks obtained at both ends and near the centre of the 
stem portion containing the HPV probes. The moisture contents 
of the potometer stems were obtained near, but not directly 
at, the probes because I needed to preserve these sections 
so that wound, sensor spacing and sapwood dimensions could 
be ascertained for calculating transpiration. Moisture content 
of the green bolt was determined from four sets of 4.5 mm di- 
ameter increment borings on the opposite side of the stem from 
the HPV probes, taken at the start and 72-hours later at the 
conclusion . In the lysimeter tree, PG1, wood samples at the 
probes could be excised for moisture content determinations 
because, shortly after this last set of sensors was installed, 
the tree failed to resume transpiration (after being held dormant 
for almost 3 years) and the physical measurements needed to 


estimate wound, were not needed for these probes. 
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Calculated, Mew(D! ,pb), and actual, Mgw (dwb), moisture 
fractions (all data) were closely related over their full range 
(Fig. 35): Mgw = -0.041 + 1.12Mgw(D',Pb); R” = 0.8069, S= = 
0.16. In the range of physiological interest, Mgw = 0.6 to 
1.2, the 1:1 line is as good a fit of the data as the least 
Squares regression line. The standard error of 0.16 is not 
a great deal higher than the normal range one encounters in 
measuring Mgw from increment cores gravimetrically (unpublished 
measurements). | 

Average calculated and measured moisture contents in the 
spruce lysimeter tree, PGl were essentially identical and the 
two values were highly correlated (R? = 0.8547). The calculated 
and measured moisture contents at each probe set were generally 
within 10% of each pene 

QUANTITATIVE RESULTS IN SEMI-IDEALIZED SITUATIONS 
Introduction 


The radial longitudinal model simulations indicate that 


1/ One thing I did note in this test: the average moisture 
content fraction at 24 probe sets installed 3-years earlier 
was 0.66 compared to the 0.88 obtained here. This differ- 
ence could be the result of a gradual drying out of the 
nonconvecting wood in the plane of the sensors during 
wound development. The wound at freshly installed sensors 
in actively transpiring trees is first evident as a lighter 
colored tissue above and below the probes. Later this 
lighter tissue may become resin filled, darken and broadea 
as the tree reacts to the wound. No such lighter colored 
tissue was noted in the plane of these newly-installed 
probes presumably because no transpiration was occuring, 
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DWB 


MEASURED MOISTURE FRACTION, 


A eee Ae) AB OI le ee 1G 
CALCULATED MOISTURE FRACTION: DWE 


Figure 35. Actual wood moisture content (Mgw) versus that 
calculated from longitudinal diffusivities and basic wood 
density, Mew(D YPb Mew = -0.041 + 1.12 Mew(D!,Pb), R? 
= 0.8069, Se = 0.16. Dashed line (---) is 1:l. 
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HPVS's or HPVT's measured in the sapwood at 1] cm or more from 
both the bark/sap wood and sapwood/heartwood borders are little 
influenced by these borders. If this finding also applies 

to real situations, then corrections for wound and sensor ma- 
terials, as derived from the tangential longitudinal model, 
should account for most, if not all, of the departures from 
theory in these semi-idealized situations. 

In cases where the idealized condition has been approached, 
empirical correlations between HPVT and measured transpiration 
have generally been excellent. Decker and Skau (1964) reported 
that hourly sap velocities (actually HPVT's) and hourly trans- 
piration rates measured in a ventilated tent were closely cor- 
related in several partial day determinations in aleppo pine 
(Pinus halepensis Mill), Utah juniper (Juniperus osteosperma 
(Torr.) Little) and alligator juniper (J. deppeana Steud). 

They do not state how closely correlated, but their graphs 
indicate R“'s of. .0.9. or He nek ae 

Hinckley (1971b) reported similiarly good results (R? 


= 0.83) in 3.0 to 3.5 cm diameter Douglas fir seedlings (Pseudo- 


2/ Neither do they state the diameter of the stems nor the 
é: placement of the sensors with respect to the S/H border 
in their article. I have their original HPV data. The 
stems were 10 to 15 cm diameter and the stainless steel 
sensor tips were placed at 1 cm depth increments from 
the B/S interface for 4 cm into a 3+ cm thick sapwood, 
so that at least 2 of the 4 or 5 sensors emplaced in each 
tree were relatively free of the border effects. 
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tsuga menzeisii (Mirb) Franco). HPVTI's were compared with 
transpiration measured by weighing. All of the stainless steel 
sensors were inserted to the centre of the stem which was presum- 
ably all sapwood. Thus the sensor tips were 1.5 cm from the 
outside, approximating the idealized conditions for application. 
Quantitative comparisons 

Prior to this study, I conducted three experiments to 
empirically relate transpiration values calculated from HPV 
measurements with those obtained from weighing lysimeters with 
aleppo pine and Monterey pine (P. radiata), and one climatized 
cuvette on New Zealand mountain beech (N. solandrii var clif- 
fortioides), a diffuse porous hardwood (Maylan and Butterfield 
1972). In each of these experiments, the near idealized conditions 
above were met as at least some of the sensor tips were emplaced 
in sapwood 1 cm or more from both the B/S and S/H borders. 

1. Aleppo pine on a lysimeter (PH1). 

This test was carried out at the U. S. Department of Agri- 
culture's Soil and Water Conservation Laboratory at Tempe, 
Arizona, during the summer of 1967 (Swanson 1972). An aleppo 
pine measuring 6 cm diameter outside bark, 5 m tall, was grown 
in /aal a container of soil. The container was covered with 
polyethelene to prevent evaporation from the soil, and placed 
on the Soil and Water Laboratory's lysimeter number 3, which 
was at ground level in a field adjacent to the main building 


complex. This lysimeter was capable of detecting weight changes 
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as small as 10 g in a total weight of 3000 kg (van Bavel and 
Myers 1962). In my application, the permanently installed 
lysimeter was used as a sensitive weighing platform to detect 
weight loss as a measure of transpiration by the tree. 

An HPV probe set (glass bead thermistors 0.24 cm diameter, 
0.16 cm diameter brass heater, spaced -0.5,0,1.0 cm) was instal- 
led at mid-xylem depth between the soil and the first live 


branch. Sapwood thickness at this sensor, 2.3 cm, was taken 


as the depth at which the moisture fraction declined from approx- 


imately 1.2 to 0.4 (dwb), resulting in a sapwood area of 23.1 
cm’. Wood basic density, 0.45 g en and moisture fraction, 
1.21, oven dry weight basis, were determined from disks of 

the stem taken at this sensor at the conclusion of the study. 
Sap flux was calculated using Equation 21, i.e., a specific 

application of Equation 10 (p. 23) to this case, and trans- 
piration (TR) from Equation 22. (In this case with only one 


sensor set the partial and entire sapwood area were the same.) 


Sap Flux = 0.45(0.33 + 1.21)HPV 
= 0.69HPV mL cm h + (21) 
and 
TR = 0.69(HPV)(Sapwood area) 


1 


16.0(HPV) mL h- (22) 
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After installation on the lysimeter, the tree was watered for 
several days until predawn xylem pressure potential (base po- 
tential, BP), as measured with a pressure bomb, stabilized 

at about -1.1 MPa (Scholander, Hammell, Bradstreet and Hemmingsen 
1965; Ritchie and Hinkley 1975).2! 

Water was witheld, HPVT's and weight loss measured until 
transpiration reduced BP to -3.2 MPa, then the tree was rewater- 
ed to BP = -1.2 MPa, and a second cycle of ee ee HPVT's 
and weight losses were obtained. During the two week duration 
of the study, daily air temperature averaged 33°C; vapour pres- 
sure deficits 22 to 27 mm Hg. Data obtained from days during 
which rain fell were excluded. 

HPVT's were calculated from hourly recorded time-temper- 
ature difference traces, using Equation 5 (p. 21), during 4 d 
of the initial drying period and for 3 d subsequent to rewatering. 
Transpiration and 24 h weight losses (00 to 23 h) expressed 
as hourly averages for these 7 d are plotted on Figure 36. 
Transpiration has been calculated using both uncorrected HPVT's 
(open squares), TR(00), and corrected HPVT's (filled squares), 
TR(28) at W = 0.28, (0.24 cm sensor diameter + 0.04 cm for 


vertical misalignment). Corrected HPV's (HPVC's) were 


3/ I do not know why BP was so low at the well-watered con- 
Bd dition in this tree but this is a possible explanation. 
Aleppo pine is a salt tolerant species and Tempe's water 
supply is somewhat brackish. A high salt content in the 
soil would cause low water potentials. The salinity 
of the soil was not measured at the time of the study. 
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Figure 36. Transpiration of P. halepensis as determined by 
weighing lysimetry and calculated from heat pulse velocities. 
Open squares ((],(4) from raw HPVT values before and after 
rewatering respectively. Filled squares (BJ ,l@) from HPV 
values corrected in accordance with the TLM solutions at 
W = 0.28 cm. Dashed line (----- as Psi 
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obtained in accordance with Equation 23, derived from the TLM 
simulation results (Table 20, p. 216). 


HPVC = 1.524 + 0.964(HPVT) + 0.124(HPVT)? cm pe 


(23) 
The uncorrected values, TR(00), are in large disagreement with 
the lysimeter, while those corrected, TR(28), lie very close 
to the 1:1 line. The total of 7 d transpiration, TR(00) was 
17.3 L; TR(28) 36.5 L and 37.2 Kg by lysimetery. 

2. Monterey pine on load cell (PRI). 

This test was carried out in the New Zealand Forest Research 
Institute's growth chambers at Rotorua, New Zealand, during 
1974. The primary purpose of this study was to examine the 
reaction of P. radiata growth processes to drought stress 
(Rook, Swanson and Cranswick 1976). A tree measuring 5 cm di- 
ameter (dob), 3.2 m tall, was grown in a l me container. The 
container was jointly supported by three load cells. The pre- 
cision of this weighing system (250 g) was considerably poorer 
than that in the aleppo pine study because of mechanical noise 
generated by motion of the moveable floor in the growth chamber. 
This floor was designed to be vertically positioned to maintain 
various light intensities at foliage level. 

Three HPVT probe sets (0.16 cm diameter glass rod thermistor 
sensors, brass heater, spaced -0.5,0,1.0 cm) were installed 


at 1 cm and 3 at 2 cm depths from the B/S boundary into the 
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sapwood. The partial sapwood areas at the start of the study 
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1 cm sensors sapwood area (Ai 


2 cm sensors sapwood area (A, lea) diese 


0 

The sensor tips at 2 cm deep, were much less than the idealized 

1 cm from the S/H border. However I have not applied position 

correction to these HPVT values because Sia Sete were 

glass rods, they represent barely 2% of the total area and 

whether corrected or not, their HPV values have litle bearing 

on total transpiration calculations. Their wound corrected 

values have been used in the transpiration calculations below. 
The area applicable to the 1 cm depth sensor was adjusted 

for growth between the first and second drying measurement 

cycles. Sap flux was calculated using Equation 24; transpiration 


Equation 25. 


0.30(0.33 + 2.15)HPVC 


OviGkuPV Cdaclscante hic, (24) 


ak 


Sap Flux 


TR = 0.74(A, (HPV + A. HPV.) mL h G25) 


10 20 20 


HPVT's were corrected at W = 0.20 (0.16 + 0.04 cm alignment 
error), using the TLM simulated coefficients (Table 20, p. 
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152 


HPVC = 0.807 + 1.203(HPVT) + 0.058(HPVT)2 cm hie 


(26) 
The day the HPV probes were installed was considered as day 
one in describing the sequence of events below. 

Weight loss and HPVT were followed over two soil drying 
cycles. Air temperature was maintained at 21°C day (07 to 
17 h), 17°C night. Day radiation was approximately 400 W ee 
(PhAR) supplemented with 3 h of low level incandescent radia- 
tion (approximately 10 W mes) on either side of the photosyn- 
thetic period. Day and night relative humidity was maintained 
at approximately 70%. The tree was well watered from day 1 
to 11 to BP = -0.32 MPa, water withheld for 32 days to BP = 
1.25 MPa, frequent watering for 62 days to BP = -0.64 MPa, 
water withheld to BP = -1.74 MPa and then rewatered for a second 
recovery period. The HPV probes installed on day one were 
used throughout the entire 152 days, including the second re- 
covery period. Twenty-four hour average weight loss and TR(00), 
TR(20) calculated from hourly readings of HPVT's (03 to 21 h) 
on days 12 (BP = -0.32 MPa), 31 (BP = -1.00 MPa), 43 (BP = 
-1.25 MPa), 104 (after first rewatering; BP = -0.64 MPa), 123 
(BP = -1.15 MPa) and 137 (BP = -1.74 MPa) are shown on Figure 
37. The corrected values at W = 0.20 cm for the first drying 
cycle (filled squares) are virtually identical to those obtained 
from weight loss; those from the second drying cycle (half- 


filled squares) are not. Daily totals for the first drying 
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Figure 37. Transpiration of P. radiata as determined by weight 
loss and calculated from heat pulse velocities. Open squares 
(LJ) from raw HPVT values for days 12, 31 and 43 of the first 
drying cycle; or (WM) days 104, 123 and 137 after rewatering 
during a second drying cycle. Filled squares (§§,[4@) are 
the same data corrected in accordance with the TLM simulations 
at W = 0.20 cm. The corrected values for the second drying 
cycle are well below the 1:1 (---) line. 
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cycle were TR(00) 3.6, 4.1, 0.9L d+; TR(20) 7.6, 8.6, 1.5 


L dave versus weight losses of 7.4, 8.5, 1.5 Kg an} respectively. 
I tried corrections at W = 0.28 cm on the second drying cycle 
data and found that the calculated transpiration and weight 

loss values were essentially identical, i.e., 9.4, 4.6 and 


} from TR(28) versus 9.4, 4.8 and 1.3 Kg ql weight 


1i2ae dy 
loss. These data illustrate the necessity for measuring wound, 
or the use of freshly installed HPV probes, where initial wound 


width applies. In this case, the 0.28 cm wound was not measured 


nor were probes installed at fresh locations. 


3. New Zealand mountain beech -- climatized cuvette 
(NS1). 


This test was carried out in an open growing natural stand 
of mountain beech on a moist site with good drainage in Craigie- 
burn Forest Park, New Zealand, during January 1975. Four trees 
in close proximity, measuring 10 to 12 cm diameter (dob), appprox- 
imately 6 m tall, and 20 years old, were each instrumented 
with two sets of HPV probes (0.16 cm diameter glass rod ther- 
mistor sensor, brass heater, spaced -0.5,0,1.0 cm); 1 set at 
1.0 cm and a second at 2.0 cm into the sapwood from the B/S 
border. A thermoelectrically cooled cuvette coupled to a Koch- 
Siemens gas exchange unit was used to measure water vapour 
loss from one branchlet on one of the HPV-instrumented trees 
(6 m tall, 22 years, 11 cm dbh). The enclosed branchlet con- 


tained 253 leaves. At the end of several simultaneous HPV-vapour 
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loss measurement runs, the branchlet and the entire tree were 
harvested to obtain an estimate of total crown leaf area, sapwood 
area, stem wood density, stem wood moisture content and wound 
width at the HPV probes. Half-hourly measurements of vapour 
loss in the cuvette were extrapolated, on the basis of crown 
leaf area, to the whole tree as an estimate of transpiration. 
Similiarly half-hourly values of HPVT's, obtained from all 

four trees, were averaged and applied to the appropriate partial 
sapwood area of the tree sampled by the cuvette, to estimate 
transpiration from it. These trees were well watered (BP = 
-0.20 MPa) by steady rain for 5 d prior to a 7h period (1030 
-1730) of simultaneous HPVT-vapour loss measurements on 30 
January (Swanson, Benecke and Havranek 1979). 

The accuracy of measurement of vapour loss in the cuvette 
was found to be + 5% when properly calibrated (Swanson and others 
1979). Numerous critics of this type of technique have suggested 
an overall accuracy of + 20%. This in not as accurate an in- 
dependent transpiration measurement as weighing lysimetry. 

Wound width at the sensors was indicated by darkly stained 
oxidized tissue in the sapwood 0.45 to 0.50 cm wide in line 
with and above and below the probes. The partial sapwood areas 


= 49.5 eae. A = 51.0 ae 


centered on each sensor tip were A 20 


10 
Sap flux derived from wood moisture and density at the end 


of the experiment was calculated using Equation 27; transpiration 


with Equation 28. 
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Sap flux = 0.76(0.33 + 0.53)HPV 
Sv quhSHPVi mis cmilsihe | (27) 
TR = 0.65(49.5HPVT, | + 51.0HPVT, 9) mL He (28) 


HPVT's were corrected at W = 0.48 (Table 20, p. 216) 


HPVC = 2.658 + 0.772(HPVT) + 0.424 (HPVT)? cm ines (29) 


Transpiration for the 15 half-hourly periods was calculated 
using both measurement techniques (Fig. 38). The total trans- 
piration for the 7 h period by the different methods was: cuvette 
12 808 ts TRC GO) Ge see) bs OTRIAGD Ye 1 Seah. 

QUANTITATIVE RESULTS IN MARGINAL SITUATIONS 
Introduction 

Marginal applications are those in which none of the HPV 
sensor tips can be positioned at least 1 cm from both the bark/ 
sapwood and sapwood/heartwood borders. In this section I present 
the results of eight independent quantitative tests of measured 
versus calculated transpiration in tree stems with sapwoods 
ranging from 0.9 to 1.4 cm thick. The first four of these 
were in white spruce (Picea glauca (Moench)Voss), the last 
four were in diffuse porous hardwoods, two aspen (Populus trem- 
uloides Michx.), and two paper birch (Betula papyrifera Marsh.). 

These tests were carried out in the environmental growth 


chambers of the Botany Department of the University of Alberta 
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Figure 38. Transpiration of N. solandri var. cliffortiodes 
as estimated from a climatized cuvette and heat pulse velocity 
measurements. The open squares are from raw HPVT data, filled 
Squares corrected in accordance with TLM simulations at W 
= 0.48 cm. The dashed line is 1:1. 
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during the period 1978 - 1981. Four weighing lysimeters were 
constructed from steel angle shelving material after a cable- 
pivot balance design of McIlroy (1975), (Appendix C), operated 
in null-balance mode. Weight loss over a given time period 
was determined by adding counter weights to the lysimeter to 
bring it back to the previous time's balance point. These 
lysimeters were capable of detecting weight changes of approx- 
imately 50 g in a total weight of 500 kg. Two were installed 
in chamber BO009-2 and two in B009-3 to measure weight loss 

as an estimate of transpiration in P. glauca. 

Severed stem, whole tree potometers (Appendix D), were 
used to measure water uptake as an estimate of transpiration 
in the P. tremuloides and B. papyrifera experiments. I Koukd 
detect changes in water levels of 1 mm, representing an uptake 
of 3 mL, with this technique. 

HPVT's were measured using a manually~read HPVT meter 
(Swanson 1962, 1974a) and recorded temperature-difference traces 
on a 4-channel strip chart recorder in the P. glauca experiments. 
Permanently emplaced HPV probes were 0.16 cm diameter glass 
rod thermistor sensors, brass heater, spaced -0.5,0,1.0 cm. 
Wood moisture contents, densities, sapwood thicknesses and 
sensor placements were determined by destructive sampling at 
the conclusion of each experiment. Various light intensities 


Ma 


ranging from 64 W m“ to 170 W m4 (fluorescent, PhAR) were 


imposed to vary transpiration rate. Air temperature was main- 
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tained at 20 + 2°C night and day (09 - 21h). Relative humidity 
was not controllable, fluctuating between 20 and 60%. 


L and HPVM 


In the potometer experiments, HPVA or HPVS, D 
were calculated from upstream and downstream temperature offset 
data obtained using a 16-channel HPV data logger especially 
designed and constructed for this study (Appendix E). Reusable 
0.16 cm diameter thermistor sensors made of low thermal conduct- 
ivity Teflon materials (Appendix E) were designed for, and 
used throughout, the four Badenet dr wevluamincaner Wood moisture 
content was estimated continuously, using Equation 17 (p. 26), 
from calculated longitudinal diffusivity at each probe set 
and an average wood basic density for each tree (Pb was deter- 
mined for each stem at the end of each experiment). Both the 
HPVA and HPVS sensor configurations were used. The depth place- 
ment of sensors, which was different in each potometer exper- 
iment, is given in Appendix D. 

Quantitative comparisons 

1. White spruce lysimeters (PG1, PG2, PG3 and PG4). 

Four white spruce trees, 4 - 6 cm diameter, 2% to 3m 
tall, 20 to 30 years old of unknown provenance were removed 
from an abandoned nursery on the Kananaskis Forest Experiment 


Station, Seebe, Alberta, during May 1977. A trench, 1 m deep, 


was dug around a 70 by 70 by 70 cm cube of soil and root material 


supporting each tree. A wooden container, with steel angle 


reinforcements on the sides and corners, was built about this 
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soil volume taking care not to disturb the remaining roots 

within it. A hydraulic lift was used to transfer each container 
and tree to a truck for transport to the Northern Forest Research 
Centre nursery area at Edmonton, where all but one of the trees 
remained out doors until June 1978. One tree, PGl, was trans- 
fered into growth chamber B009-2 in January 1978; the remaining 
three into chambers BO009-2 and BO09-3 in June. 

The containers were covered with plastic sheeting to reduce 
evaporation loss from the soil. A weighing apparatus (Appendix 
C) was assembled about each container. PVT probes were perman- 
ently installed on various dates and to various sapwood depths 
(Appendix C) to acheive three goals: 

(1) To calculate transpiration for comparison with weight 

loss under several xylem water potentials. 

(2) To determine if simple correlations of HPVT and weight 
loss became erratic or negative as BP decreased under 
drought stress. 

(3) To see if the sapwood/heartwood boundary would be 
indicated by the radial depth pattern of HPVT values 
so that sapwood area could be calculated without 
a need for increment coring or other destructive 
sampling. 

Measured and calculated transpiration values are given 


for the four trees for all complete data days in 1978 (Tables 
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15, 16 and 17). The sapwood moisture content and wood basic 
density for sap flux calculations were obtained when the trees 
were destructively sampled in 1981 (trees PG2, PG3 and PG4) 
or 1982 (tree PGl): (see Appendix C for sampling and sensor 
installation schedule for these trees). Calculated transpiration 
of each tree is the partial area (partial areas given in Appendix 
C) summation of that determined from all sensors in the sapwood 
that were installed on day one (for that tree) at no wound, 
TR(OO), or W = 0.20 cm, TR(20). A constant sapweed moisture 
content and wood density, specific to trees PG] and PG2, was 
Wied to their data which commenced on 30/06/78 and continued 
through 20/08/78. 

Weight loss, TR(WL), is the total weight loss less a cor- 
rection for evaporation from the container (Appendix C) at 
the given light intensity and air temperature. The weight 
losses (09 - 21 h) of tree PGl and PG2 (Tables 15 and 16) are 
the average Of the. losses trom uy, = 13,013 = 17 and 1/7 21 hh 
with an érror of" estimate’ of +750 @ for™each of the three deter= 
minations. The cumulative error for the three weight determin- 
aLrons 25.7 12 g al for each 12 h data period 30/06 through 
20/08/78. The weight losses of trees PG3 and PG4 (Table 17), 
08 - 08 h are from a single determination at 08 h each day. 
The error estimate for these losses is 50 g averaged over 24 h 


or approximately 2 g je 
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Table 15. Quantitative comparison of transpiration as measured by 
weight loss and as calculated from heat pulse velocity data in white 
spruce, tree PGl. Air temperature constant day-night at 20°C, "daylight" 
09-21 h. Transpiration calculations are: TR(00), no wound, raw HPV 
data; TR(20), 0.20 cm wound corrected HEVT's. Sapwood moisture content 
0.88 dwb; wood basic density 0.44 g cm ~. 


1 2 3 4 5 6 7 8 9 10 
1978 Period BP RIL . LI TR(WL) TR(OO) (7/6) TR(20) (9/6) 
Da/Mo =h-h MBal sicm! Wi m- g i mL h 2 % mil, te i, 
30/06 09-21 -0.45 83 64 50 23 46 40 80 
01/07. 09-21 -0.45 17 106 83 51 61 87 105 
02/07. 09-21 -0.45 19 170 113 66 58 111 98 
07/07. 09-21 -0.35 45 64 31 13 42 27 87 
08/07. 09-21 -0.45 27 106 98 49 50 80 82 
09/07. 09-21 -0.40 25 170 145 74 51 127 88 
14/07. 09-21 -0.40 25 64 48 26 54 45 94 
15/07. 09-21 -0.45 20 106 112 60 54 99 88 
16/07. 09-21 -0.50 16 170 157 78 50 134 85 
21/07. 09-21 -0.60 25 170 129 80 62 140 #109 
22/07. 09-21 -0.50 17 170 118 85 72 149. 1272 
23/07. 09-21 -0.45 25 170 126 81 64 140) (1 
28/07. 09-21 -0.50 20 170 120 68 57 116 97 
29/07. 09-21 -0.50 25 170 131 75 57 130 99 
30/07. 09-21 -0.55 59 170 139 73 53 125 90 
04/08 09-21 -0.70 40 170 104 50 48 83 80 
05/08 09-21 -0.65 69 170 96 44 46 72 75 
06/08 09-21 -0.70 69 170 92 37 40 60 65 
11/08 09-21 -1.00 45 170 33 10 30 23 70 
12/08 09-21 -1.00 65 170 39 17 44 31 79 
13/08 09-21 -1.05 47 170 38 14 37 27 7 
18/08 09-21 -1.25 134 170 a7 10 37 22 81 
19/08 09-21 -1.25 48 170 18 9 50 7a 122 
20/08 09-21 -1.40 62 170 19 14 74 28 147 
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Table 16. Quantitative comparison of transpiration as measured by 

weight loss and as calculated from heat pulse velocity data in white 
spruce, tree PG2. Air temperature constant day-night at 20°C, "daylight" 
09-21 h. Transpiration calculations are: TR(00), no wound, raw HPV 

data; TR(20), 0.20 cm wound corrected HEVT's. Sapwood moisture content 
1.05 dwb; wood basic density 0.48 g cm ~. 


1 2 3 4 5 6 7 8 9 10 
1978 Period BP RL LI TR(WL) TR(OO) (7/6) TR(20) (9/6) 
Povoeich  MPAlstems |W me) ho oa be ff mL bo 
30/06 09-21 -0.40 32 64 60 31 52 a2 87 
01/07. 09-21 -0.45 18 106 96 SI 53 87 91 
02/07. 09-21 -0.50 12 170 £22 66 54 116 95 
07/07. 09-21 -0.45 19 64 83 30 36 50 60 
08/07. 09-21 -0.40 21 106 87 50 57 86 99 
09/07. 09-21 -0.40 19 170 139 75 54 134 96 
14/07. 09-21 -0.40 13 64 71 38 54 62 87 
15/07. 09-21 -0.50 7 106 PES 55 49 93 82 
16/07. 09-21 -0.50 10 170 134 67 50 119 89 
21/07. 09-21 -0.60 at 170 101 50 50 84 83 
22/07. 09-21 -0.55 12 170 92 47 51 79 86 
23/07. 09-21 -0.55 23 170 87 36 41 59 68 
28/07. 09-21 -0.60 34 170 84 40 48 65 77 
29/07. 09-21 -0.70 22 170 72 32 44 53 74 
30/07. 09-21 -0.70 19 170 61 27 44, 46 75 
04/08 09-21 -0.70 25 170 61 26 43 43 70 
05/08 09-21 -0.60 48 170 69 25 36 42 61 
06/08 09-21 -0.75 38 170 56 27 48 46 82 
11/08 09-21 -0.90 9 170 45 23 51 39 87 
12/08 09-21 -0.90 13 170 50 23 46 39 78 
13/08 09-21 -0.90 26 170 44 22 50 37 84 
18/08 09-21 -1.10 7 170 36 17 47 31 86 
19/08 09-21 -1.10 19 170 oly, eS 41 29 78 
20/08 09-21 -1.15 29) 170 30 18 60 Sou LLO 


Mean PO 52 Blot 48 63.5 83 
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Table 17. Quantitative comparison of transpiration as measured by 
weight loss and as calculated from heat pulse velocity data in white 
Spruce, trees PG3 and PG4. Air temperature constant day-night at 20.6. 
"daylight" 09-21 h. Transpiration calculations are: TR(00), no wound, 
raw HPV data; TR(20), 0.20 cm wound corrected HPVT's. 


1 2 3 4 5 6 7 8 9 10 
Start®? Stop ‘Pérrod**"spP Wt CPrRWLS) TR(OO) (7/6) TR(20) (9/6) 
Da/Mo Da/Mo  h-h MPa Wm g nt mL ho! Yo mich oe. % 

(A) Tree PG3; Mgw = 1.00 dwb, Pb = 0.48 g cm > 
27/08 28/08 08-08 -0.95 170 54 33 61 56 104 
02/09 03/09 08-08 -0.65 170 66 38 58 66 100 
03/09 04/09 08-08 -0.75 170 65 39 60 69 106 
Mean 61.7 36.7 60 620709 LOS 

(B) Tree PG45 Mgw = 0.80 dwb, Pb = 0.47 g ane 
27/08 28/08 08-08 -0.60 170 52 33 63 60. 115 
02/09 03/09 08-08 -0.55 170 92 48 52 87 95 
03/09 04/09 08-08 -0.75 170 80 47 59 86 108 


Mean heey | 42 7 58 Jal we 106 


> 


qd bowneaen oe co ktmxt 
opt ietw ni aia ttooley, sefag as 
22 0S ja tig Lay. 10B3anO9, Shite 
~bouow on , (00) aT 1976 aTokseh 
0° TVTR oe 


NE am a 


oe oe! 5 t 
Ca\e) Cosrar Ca\ty: (00a | 
» de I~ culls |i 
Jk. La ie ok Le 2 a, 


Cua g 80,0 © GE ydwb OO.L = wgMng 


~ | ee A 
dor a2 a ee we ONL 2k.0+y 80-80 Bolas Rol 
oof 48 a aa OLE + 2a.0— {R0-80', €0\E0., “8 
sof 8 oo t=O Pri a 80780, C090 Oe 

> | 4 ae . ey ? 
80! 68 08 Tia t.12 assem | is “ee RGR 


-- bes 
fm g th.0 © dd dub 08.0. = wall 100% sos ca) 
21k | 08 eo c@ OLE C8. 20-80. so\es 


ee v8 $2 Bhi (wR OE o-oo 
B01 88 ec os OL ENO 8G 


r rs p 
301 sth Be sa t.a0 onset ie 

: ; i 'o 7 b ; in 
' Ff 
7 fae ae | 
mn sée 
\ AAO ie i 

ri -=- i a Le 2 
\ wW 
: + ae 

\ } rm 


; Ms to aie ¥ ) 7 


Transpiration calculated from HPVT's measured on 30/06/78 
to 02/07/78 (PG1 and PG2) and 27/08/78 to 03/09/78 (PG3 and 
PG4) is 100 + 10% of measured weight loss for all four trees 
(Fig. 39). These transpiration calculations, made from data 
taken within the first week to 10 days after heat pulse probe 
installations, are the only ones I consider reliable because 
of the unpredictable speed of wound development and the lack 
of sapwood moisture content measurements specific to each data 
period. 

The steadily declining percentage of weight loss that 
occurs with time in PG2 (Table 16, 30/06 to 06/08) is the type 
of wound response that I expected. The numerical simulations 
indicate that the effect of wound on calculated HPV's, becomes 
progressively less as imposed HPV's approach zero (Fig. 9; 

p- 74). Since calculated HPVT's can only approach, but never 
equal zero, the higher percentages of measured weight loss, 
that were calculated during the period 11/08 to 20/08 (Tables 


15, 16) at very low HPVT's, were expected. 


The results from PG] (Table 15) are an interesting contrast 


to those of PG2. The higher percentages of weight loss calculated 


on 21/07 to 30/07 illustrates changing correlation of TR(HPV) 


to TR(WL) with time that cannot be explained by wound develop- 


ment. In this case, either sapwood area or sapwood water content 


must have decreased. The most likely explanation is that sapwood 


water content has decreased (Waring and Running 1978; Waring, 
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Figure 39. Transpiration of four P. glauca trees as determined 
by weight loss and calculated from heat pulse velocities 
measured within one week to ten days of sensor installation. 
Open squares from raw HPVT data. Filled squares from HPV 
values corrected with TLM simulations at W = 0.20 cm. The 
dashed line is 1:1. 
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Whitehead and Jarvis 1979). If sapwood water content decreases 
while sap flux remains the same, heat pulse velocity must in- 
crease (Fig. 3, p. 31). If sapwood water content has decreased 
and the equation to calculate TR(HPV) has not been adjusted 
to reflect this, then the result is a higher estimate, or in 
this case, (Table 15; 21-23/07) an overestimate of transpir- 
ation. 

Gale and Poljakoff-Mayber (1964) reported constant or 
slightly decreasing total transpiration and increasing HPVT's 


at soil water potentials less than -15 atm. My results (Table 


15, 30/06 - 23/07) are comparable to those of Gale and Pol jakoff- 


Mayber (1964) in that, compared to data period 30/06 - 02/07, 
HPVT's increased by a greater amount than did weight loss by 


21-23/07. A result almost identical to Gale and Poljakoff- 


Mayber's occured (Table 15, 18-20/08) where weight loss decreas- 


ed from 27 to 19 g hae while TR(HPV) increased from 22 to 28 
mL ined: The error band, + 12 g noes, on the weight loss in 

this study is sufficiently broad so that no definite conclusion 
is possible. None-the-less, these data indicate that simple 
correlations between actual transpiration and HPV or TR(HPV) 
calculated with constant sapwood coefficients, are not reliable 
through extended time or changes in plant water status. In 


this, my results confirm the conclusions of Gale and Poljakoff- 


Mayber (1964). 
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The sapwood/heartwood border was not evident as a sharp 
reduction in HPVT's across it. A radial profile of the HPVT 
data from tree PG2 and PG3 was plotted earlier (Fig. 31B, 

p. 132). This profile, coupled with the results of the glass 
rod sensor RLM simulations (Fig. 32C, p. 134), indicate that 
it would be difficult to ascertain the S/H border within + 0.5 
cm. Even a 0.2 cm error in the determination of the 1.0 cm 
sapwood thickness of tree PG] or PG4 would result in a 10 to 
20% error in dstduveted transpiration. A radial profile of 
HPV values does not provide a sufficiently accurate estimate 
of sapwood thickness to use to calculate sapwood area. 

2. Hardwood potometers (BPl, BP2, PTl and PT2). 

Four paper birch and four aspen trees were felled while 
in winter dormancy in March 1981 and stored in a cold room 
at 2 °C. Trees were selected with as large a diameter as pos- 
sible (4 to 6 cm) consistent with a 3.5 m height limitation 
imposed by the environmental chamber dimensions (Appendix B). 
As needed, each stem was brought out of cold storage into an 
adjoining environmental chamber at 20°C, 12 hour days, 170 W nes 
(fluorescent, PhAR) for leaf out, where the stem was placed 
in a 25 L container of distilled water, and the basal end was 
freshly recut. (This leaf out procedure is a modification 
of a technique to induce out-of-season flowering in poplars 
described by Benson 1972.) Leaf out generally occured within 
5 to 7 days with full development in 10 days. (Two trees of 


each species failed to leaf out after 8 weeks in cold storage.) 
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While the stem was still in the 25 L container, 8 sets 
of heat pulse velocity probes were installed between 40 and 
60 cm, and 8 sets between 90 and 110 cm, from the basal end. 
Two layers of 6 mm inside diameter rubber tubing were wrapped 
around the 20 cm length of stem between the two groups of HPV 
probes. At an appropriate time in each experiment, chilled 
methanol (-30°C) was circulated through this tubing to freeze 
the stem and create an ice block in the stem in order to tempo- 
rarily stop water uptake (Zimmerman 1964, Hammel 1967) and 
possibly, to induce cavitation. 

After the HPV probes and freezing coils were in place, 
and while the basal end still remained in the distilled water 
container, about 3 to 5 cm of the stem was cut off and the 
newly exposed surface was microtomed with a razor-sharp plane. 
A plastic bag full of water was placed over the cut surface 
to keep it continually under water while the stem was transfered 
to a 60 cm tall, 10 cm diameter cylinder. Distilled water was 
added to bring the level up to 30 cm above the cut surface. 
A 6 cm diameter graduated cylinder was used as an auxillary 
water supply so that quantities added to maintain the water 
level in the large cylinder, as depleted by transpiration, 
could be determined within about 3 mL independent of differing 
stem volumes. Sapwood thickness at the levels where the probes 
were installed was assumed, for installation purposes, to be 


the same as that at the basal end. At the conclusion of each 
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potometer experiment, the exact location of each sensor tip 
with respect to the S/H border and wound width were measured 
at each probe installation. The sapwood and heartwood moisture 
content and densities were determined from discs cut from the 
stem in the near vicinity of the upper and lower HPV probe 
groups. 

Each potometer tree received differing configurations 
of HPV instrumentation (See Appendix D for instrumentation 
and data schedule.). The 0.16 cm diameter Teflon sensors were 
removed and reused in successive experiments. In tree BP] 
(used here as an example) HPV probes were configured for HPVA 
determinations at -0.5,0,1.0 cm. The tips of the sensors of 
four sets in each 8 sensor group above and below the freezing 
coil were at 0.8 cm and four sets at 1.3 cm from the B/S border 
into a 1.4 cm thick sapwood. The 16-channel HPV logger was 
used to record all potometer HPV data. 

The general schedule and environmental conditions for 
all of the potometer trees were 1 to 2 days of hourly HPV re- 
cordings, air temperature constant 255 Cay daylight 09 - 21h 


with water uptake measured at 2 to 4 h intervals from 08 to 


22 h and at 08 h for dark uptake. The same schedule was repeated 


after a day of the stem freezing treatment. The ice block 
was created between 08 - 10 h and held until the leaves wilted 
(XPP = -1.4 to -1.8 MPa). Water uptake ceased after 30 minutes 


of circulating the coolant. HPV data could not be taken during 
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this freezing treatment because rapidly changing temperatures 
at the sensors masked any temperature changes induced by sap 
movement. The ice block could be maintained for 10 to 12 hours 
at 25 °C air temperature before the coolant became too warm 
and thawing occured. 

Transpiration was calculated for every time period during 
which both HPV's. and water uptake values were available (Figs. 
£0" Ao yen! Sap flow was calculated for the partial area associated 
with each sensor depth, and summed to total transpiration as 
in the previous experiments, except that sap flux was calculated 
with constant Pb, and the current moisture content (as determined 
from Equation 17, p. 26, and p! at the downstream sensor). 

Sap flow at each sensor was calculated using three models: 

a) HPV's without correction, TR(00). 

b) HPV's with correction for wound (which was very dis- 
tinct in birch, very indistinct in aspen) as measured 
at the probes at the conclusion of the experiment, 
TR(NN). 

c)  HPV's with wound correction as above which was applied 
first, and then a correction for sensor tip position, 


TR(NNP). 


4/ HPV data from tree BPl were sparse due to frequent momentary 
power interruptions that often destroyed the contents 
of the volatile microprocessor memory. This problem was 
partially solved in subsequent runs by altering the configur- 
ation of the battery backup. 
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The equations and coefficients for these corrections are given 
in Appendix D. 
These potometer experiments were intended to achieve three 
goals. 
1) To calculate transpiration for comparison with water 
uptake in diffuse porous hardwoods. 
2) To test the capability of the HPV technique to detect 
altered flow patterns under abnormal situations, 
in this case induced cavitation. 
3) To test the HPVA, HPVS and HPVM sensing configurations. 
(HPVM results reported earlier in this chapter, Figure 
a. oOo. 
Potometer BPl. 
All sensors were configured for HPVA. Sensors were instal- 
led at 0.8 and 1.3 cm depths below the B/S interface. The 
best data fit for BPl (Fig. 40A) is with the wound only model 
TR(28). The averages for the entire experiment were: TR(00), 
be. 2m, ee ERC28),423.9hmL hot; TRC28P), 26.9) mb i compared 
to 20.7 mL his measured. 
Potometer BP2. 
Tree BP2's sensors were as BPl except half of them were 
configured for HPVS (-1.0,0,1.0 cm). The best data fit (Fig. 
41A) is again the wound only model, TR(22). The averages for 
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the entire experiment were: TR(00), 11.2 mL h 3; TR(22), 
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Figure 40. Transpiration of B. papyrifera, tree BPl, as deter- 
mined by potometry and calculated from heat pulse velocities 
measured with 0.16 cm diameter Teflon-encased thermistor 
bead sensors. Open squares ((],/)) from raw HPVA values 
taken before and after a stem freezing treatment to induce 
cavitation. Filled squares (f§],[4) are the same data cor- 
rected in accordance with: (A) TLM simulation at W = 0.28 
cm; (B) TLM simulation at W = 0.28 plus a sensor position 
correction in accordance with the RLM simulations near the 
S/H border without sensor materials. Dashed line (---) is 
ee 


74 


t73 


1 7 ‘ a 
a Wy ea 
nen oa - 
y - = an a he 

1f, a i Hy ae ay “yw - os — f i ; 
ou. uy : os ro aK G 
77 7 


. ie oe ie 4 ; 
_s 7 i 7 


I a, 
_ 
7 


Z x 
—_ — = 
Ss 
Ge 


a oe ee 


= 
~ 


—_  . ae 
: eo” cae 


a a ee ad 

ise ad ay Ges s el . 
ve aie: 

Heelys! 


| BS ae ooiialomls MIT | 
noise Lumee WIR ofa Wie osonb20208 pi hahaa 
1) ei (---) ondf Bedeed) .eledaeode townse sv0dsiw sebz0d B\e 


~ 6. eee stoke 
Da” ni) ” | _ | [ 7 


72 
Bu 
co 
coup 
ee | 
> ae || 
> 2B 
a 
iat P 
n> 2 
am 
ul 7g 
RQ 
i! 62 
ir 
te ube 
pea | 
UV YA 
rz 
 63e 
20 
1D 
Z 


Z fa Gee en ae Ae HEL eS Mey Be 78 
MEASURED TRANSPIRATION, ML/H 


Figure 4]. Transpiration of B. papyrifera, tree BP2, as deter- 
mined by potometry and calculated from heat pulse velocities 
measured with 0.16 cm diameter Teflon-encased thermistor 
bead sensors. Open squares ([],) from raw HPVA and HPVS 
values taken before and after a stem freezing treatment to 
induce cavitation. Filled squares (f],[@) are the same data 
corrected in accordance with: (A) TLM simulation at W = 0.22 
cm; (B) TLM simulation at W = 0.22 plus a sensor position 
correction in accordance with the RLM simulations near the 
S/H border without sensor materials. Dashed line (---) is 
1sl. 
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24.0 mL hots TR(22P), 28.3 mL h compared to 23.4 mL ho ineas= 
ured. 
Potometer PTl. 
Four sensors were installed at 0.3 cm, 8 at 0.8 cm and 
4 at 1.3 cm depths below the B/S interface with half HPVA and 
half HPVS, 8 above and 8 below the cooling coil. The best data 
fit (Fig. 42B) was the wound plus position correction model 
TR(24P). The averages for the entire experiment were: TR(00), 
Jee 7 mig oy TRCQ4), 39e7 mL.h 3 TR(24R),488-mE hi” compared 
to 55.7 mL i measured. 
Potometer PT2. 
Sensors were emplaced at 0.3, 0.55, 0.8 and 1.3 cm depths 
below the B/S interface, four at each depth, eight each in 
the HPVA and HPVS configurations, half above and half below 
the cooling coil. The no wound model TR(28) provided a good 
fit to the data (Fig. 43A) but the wound plus position model 
TR(28P) provided a marginally better one (Fig. 43B). The averages 


for the entire experiment were: TR(00), 25.0 ml Hhae TR(28), 


56.6 mL hoe TROCSSPI 369 24m no compared to 61.7 mL nv} measured. 
Cavitation. 
The attempts to induce cavitation by stopping water supply 
to the leaves during high transpiration demand were intended 


to induce a “worst case" situation for the HPV technique. 


Hopefully sap flow patterns would be altered, i.e., new pathways, 
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Figure 42. Transpiration of P. tremuloides, tree PTl, as deter- 
mined by potometry and calculated from heat pulse velocities 
measured with 0.16 cm diameter Teflon-encased thermistor 
bead sensors. Open squares ({],W)) from raw HPVA and HPVS 
values taken before and after a stem freezing treatment to 
induce cavitation. Filled squares (§{§],[4) are the same data 
corrected in accordance with: (A) TLM simulation at W = 
0.24 cm; (B) TLM simulation at W = 0.24 plus a sensor position 
correction in accordance with the RLM simulations near the 
S/H border without sensor materials. Dashed line (---) is 
les 
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Figure 43. Transpiration of P. tremuloides, tree PT2, as deter- 
mined by potometry and calculated from heat pulse velocities 
measured with 0.16 cm diameter Teflon-encased thermistor 
bead sensors. Open squares ((],(]) from raw HPVA and HPVS 
values taken before and after a stem freezing treatment to 
induce cavitation. Filled squares (M,[@) are the same data 
corrected in accordance with: (A) TLM simulation at W = 
0.28 cm; (B) TLM simulation at W = 0.28 plus a sensor position 
correction in accordance with the RLM simulations near the 
S/H border without sensor materials. Dashed line (----) is 
ee 
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reduced moisture content at various parts of the stem, etc 
(Hammel 1967). Partial cavitation was induced in both aspen 
potometers, but virtually total cavitation occured in both 
birch stems and very little water uptake occured after release 
of the ice block. In all four cases, the HPV sensors detected 
the change in water uptake (Figs. 40 - 43). 

A change in both flow pattern and moisture content was 
detected in PT1 (Fig. 444). Before application of the freeze 
block, 70% of the sap flow pee oh in the outer 5 mm of sapwood; 
after freezing, none occured there. The moisture fraction 
(calculated from p) decreased at each sapwood depth and the 
variability in moisture fraction increased: from 0.9 (0.82 
to 1.04) before freezing to 0.8 (0.49 to 1.04) after freezing 
at 0.3 cm depth; from 1.0 (0.78 to 1.18) before freezing to 
0.75 (0.42 to 1.04) after freezing at 0.8 cm depth (range of 
moisture contents at the individual sensors in parenthesis). 

In PT2, the freezing treatment reduced flow in the outer 
4 mm by 50% (Fig. 44B) but moisture fraction change at all 
sensors was less than 10%. 

DISCUSSION OF APPLICATION RESULTS 
Wound 

Nonconvective material in the plane of the heat pulse 
probes is the source of the greatest departures from Marshall's 
(1958) idealized theory. This was shown numerically in Chapter 


IV and repeatedly demonstrated by the experimental results 
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Figure 44. Heat pulse velocities in P. tremuloides, trees 
PT1 and PT2, at several positions in the sapwood before and 
after a stem freezing treatment. (A) Note the complete ces- 
sation of flow indicated by zero HPV's at 0.3 cm depth in 
PT1. (B) HPV's were considerably reduced in the outer 0.5 
cm of PT2 but flow did not completely cease as in this position 
in PT1l. 
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of this chapter. Transpiration calculated from uncorrected 
HPV's, no matter what technique or analysis method was used 

to obtain them, was generally less than 50 to 60% of that meas- 
ured except at transpiration rates very near zero. If the 
HPVA's, HPVS's or HPVT's used to calculate TR(HPV) were corrected 
in accordance with the TLM simulation results at assumed or 
measured wound width, then calculated and measured transpiration 
rates, with few exceptions, fell within 10% of each other. 

The appropriate wound width correction is not always easy 
to ascertain. In the potometer tree experiments, the stems 
were small and the drill jig used to align the holes for the 
sensors and heater wobbled from side to side during the drilling 
Operation. Wound widths measured in these stems varied from 
0.20 to 0.40 cm with the average being that used to calculate 
TR(HPV). Such lateral movement has not been a problem with 
larger stems where the misalignment error is + 0.02 cm, as 
has been used in most of the above calculations. 

Wound is generally easy to measure once the sensors have 
been excised. However, it was very indistinct in the P. tremul- 
oides stems, particularily PTl1, appearing only as a very faint 
band of slightly lighter wood in the plane of the sensors. 

In most conifers, wound is quite distinct, apearing as a band 
of resin filled tissue above and below the sensors. It was 


also quite distinct in the other diffuse porous experiments, 
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appearing as a band of dark colored oxidized wood. Apparently 

I tend to overestimate wound width if it is distinct as in 

NS1, BPl and BP2, and underestimate it if indistinct as in 

PT1 and PT2. (I consider the poorer results of PT1 to be mainly 
due to poor wound definition in the excised section.) 

Wound and sensor configuration effects are closely assoc- 
lated. Probe configurations in which the sensors are located 
close to the heater are subject to greater wound effects than 
those with the sensors located further away. Sensors cannot 
be located sufficiently far from the heater so that wound effects 
become negligible because the temperature rise created by a 
practical-magnitude heat pulse becomes less detectable, at 
an exponential rate, as heater-sensor separation is increased. 
All sensor installations cause wound and each configuration 
is affected differently by wound. Simulations specific to 
each wound and sensor configuration must be used to obtain 
meaningful data. When sensors are differently configured, 
their data can be made compatible by applying simulation results 
specific to both wound width and sensor configuration. 

Radial variation in stem anatomy 

In simulation, nonconvective stem tissue borders were 
the next greatest source of departure from idealized theory. 

The radial longitudinal model simulations without sensor mater- 
ials with varying thicknesses of sapwood (Chapter IV) indicated 


that sensors emplaced within 1 cm of the S/H border were subject 
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to serious errors, especially in the HPVA configuration. The 
same simulations indicated that within 1] to 1.5 cm of the B/S 
border, data from the single sensor HPVM and HPVP configurations 
are virtually worthless. 

The experimental results with respect to position are 
not so clear as they were for wound. Unknown heat losses to 
the "outside" and the averaging effect of sensors with thermal 
conductivities much greater than wood tend to mitigate tissue 
border effects. : 

High thermal conductivity sensor materials tend to produce 
HPV data in the vicinity of the S/H border that are biased 
toward the magnitude of HPV in the sapwood rather than the 
known zero velocity in the heartwood. The RLM simulations 
with glass, brass of aluminum sensor materials indicate that 
position corrections obtained from the no sensor simulations 
would, if applied, cause the data from these sensors to over- 
estimate HPV data obtained within 0.5 cm of the S/H border. 

The experimental results support those simulated. 

Both the RLM simulations and experimental results with 
Teflon sensors near the S/H border, indicate that these behave 
very much like the no sensor simulations. Teflon or other 
low thermal conductivity material sensors may be very useful 
in exploring xylem flow patterns. They are probably less de- 
sirable for transpiration studies where the averaging effect 
of the higher thermal conductivity materials would reduce sampling 


variation. 
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Sapwood area 

The position of the S/H border cannot be established, 
with sufficient accuracy to estimate sapwood area, solely from 
HPV measurements in the vicinity of it. The "no sensor" RLM 
simulations indicate that sap movement in the sapwood affects 
HPV's measured up to 1 cm deep into the heartwood. Miller, 
Vavrina and Christensen (1980) referred to these HPV's at depths 
beyond known sap conducting tissue as a "heat shadow" affect. 
High thermal conductivity sensors make this "heat shadow" affect 
even more pronounced. That this shadow affect exists is unfort- 
unate, as an abrupt change in HPV at or in the near vicinity 
of the S/H or sapconducting/nonconducting border, would have 
allowed sapwood area to be estimated solely from the relatively 
nondestructive heat pulse probe implants. 

Miller and others (1980) considered sap-conducting area 
in oak as the current year's xylem. In my experiments confined 
to conifers or diffuse porous hardwoods, sapwood area has been 
determined from either a change in color or an abrupt change 
in moisture content at the S/H border and all of it has been 
assumed functional. This procedure appears to be justifiable 
in light of the abrupt decrease in liquid permeability that 
occurs there (Booker and Kininmonth 1978, Booker and Swanson 
1979) and the closeness of the quantitative results reported 
herein. 
Sapwood moisture content 

The importance of a current knowledge of sapwood moisture 


content lies mainly in fine-tuning the TR(HPV) estimate to 
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closer than within 10% of actual. Sapwood moisture content 
is used to determine sap flux (Eq. 10, p. 23). It is multiplied 
by basic wood density so that a change of 20 to 30% dwb, is 
necessary to change TR(HPV) by 10%. Waring and Roberts (1979) 
found that sapwood relative water content (RWC, defined as 
the fraction of saturated moisture content) normally varied 
by about 5% each day in Scots pine with 10% in one day being 
the largest variation encountered under normal circumstances. 
A 5% change in RWC may be as large as a 10% change in ek weight 
water content. Even so, TR(HPV) estimated using moisture con- 
tents measured at probe installation should be within 10% of 
actual for about 3 days. Since HPV probe installations should 
be renewed every 7 to 10 days to lessen the unpredictable effect 
of wound development, the time trend of moisture contents taken 
at each installation date should suffice to keep TR(HPV) estim- 
ates, well within a 10% error band, especially in large trees 
where repeated increment coring is possible. 

In smaller trees, or in cases where destructive sampling 
is not possible, it would be advantageous to be able to contin- 
uously monitor sapwood water content. The technique tried 
in the potometer experiments (p! and Eq. 17, p. 26) appears 
to have promise. Longitudinal thermal diffusivity is sensitive 
to moisture content (Tables 8, 9; p. 87,88). Unfortunately, 
it is somewhat sensitive to HPV too. The variation in pt with 


HPV can be largely eliminated by using probe configurations 
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where the upstream sensor is approximately 1 cm from the heater 
and by calculating Mgw from the average of the pl obtained 
at the up and downstream sensors. This average is almost ident- 
ical to the Ds obtained from either sensor when HPV = O (Tables 
8.7.9, pr 87788). 

In this study, the moisture contents calculated from p* 
and Pb were within reason and probably within the error band 
of the measured moisture contents used as controls which were 
always obtained at slightly different locations in the stem 
or at different times than the pt measurements. The moisture 
contents calculated from p's helped to provide the excellent 
fit observed in PT2 (Fig. 42) where moisture fraction, dwb, 
varied from 1.00 down to 0.65 during the course of this exper- 
iment (Fig. 45). 

Some authors (Waring and Running 1978; Waring, Whitehead 


and Jarvis 1979) have suggested that sapwood moisture content 


is indicated by xylem pressure potential (XPP). Moisture content 


(as calculated from p!) and XPP, for tree PT2, do appear to 
be related (Fig. 45). However Running's (1980a) results in 
P. contorta are not suggestive of a very close correspondence 
between XPP and RWC. Running (1980a) showed a decrease in 
RWC from 0.78 at XPP = -1.32 MPa to 0.33 at XPP = ~-2.10 MPa 
as taking place over an 8 to 30 day period. However, he also 


showed that XPP decreased from -0.5 to -2.1 MPa in less than 


l hour. It is virtually impossible that sapwood moisture content 
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Figure 45. Time trend of Mew(D! ,pb) and XPP in P. tremuloides, 
tree PT2, before and after the stem freezing treatment. 
No thermal diffusivity data could be taken during the freezing 
treatment. Moisture contents appear to have an association 
with BP (XPP at 08 h, "N" indicates night 21 - 09 h), but 
does not follow the rapid flucuations in XPP noted during 
the daylight hours. 
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could drop from near total saturation to near fibre saturation 
in 60 minutes especially, since he (Running 1980a), reported 

an average total sapwood water content in these trees of 16.9 L, 
and a maximum transpiration rate of 1.9 L {rhs Thus there 

is some question as to how closely one can estimate short term 
sapwood water content fluctuations from a relationship between 
RWC and XPP. Perhaps the near-continuous moisture content 
estimates that hourly pe measurements provide could be used 

to further explore the relationship between XPP and RWC. 
Sampling 

An adequate sample of HPV's throughout the sapwood is 
a necessity if transpiration calculations are to be valid. 

What constitutes an adequate number of sensors and their spatial 
placement in the sapwood is a good deal easier to determine 
after, rather than before, the fact. The results reported 

here were obtained with 1 to 16 sensors emplaced at various 
positions in the xylem. One sensor, apparently very strateg- 
ically placed, gave good results in Aleppo pine. Sixteen sen- 
sors, apparently wrongly placed, produced what I consider to 

be poor results in B. papyrifera (trees BPl and BP2), especially 
after induced cavitation. 

The sampling system used in the P. radiata, N. solandri 
var. cliffortioides and P. tremuloides (tree PT2) experiments 
was to emplace sensors at predetermined depths to sample certain 
toroidal sections of sapwood (Fig. 27 p. 118). The results 


indicate that this was apparently a good scheme. 
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The imposition of artificial conditions, such as freezing 
the stem, or a naturally occuring phenomenon, such as drought 
stress, may cause a shift in flow paths from one area of the 
sapwood to another. If all areas are not sampled, then the 
HPV technique may not fully detect the change caused by the 
event (for example trees BPl and BP2). Sampling to detect the 
effects of the desired phenomena is fundamental to good exper- 
imental design and not a peculiarity of the heat pulse technique. 
Therefore it is imperative, whatever piece scheme is used, 
that a sufficient number of sensors be properly placed in the 
sapwood to detect the probable changes. 

The "no sensor" RLM simulations indicate that zero flow 
boundaries begin to influence HPVA's, HPVS's or HPVT's at about 
1 cm from them (Fig. 23, p. 108). The experimental results 
with Teflon sensors (Fig. 31A, p. 132) indicate that they behave 
similiarily (to the no sensor simulations) so that sap flow 
is sensed within an area of approximately 1 cm diameter centered 
on the sensor tip. The RLM simulations with high thermal conduc- 
tivity sensor materials (Fig. 32C, D and E; p. 134) and the 
experimental results with glass and brass rod sensors (Fig. 
31B and C, p. 132) suggest that a slightly larger area, approx- 
imately 1.5 cm diameter centered on the tip, is sensed by them. 
If it is critical to ensure the successful outcome of an experiment 
that all portions of the sapwood be sampled, then one Teflon 


sensor should be installed in each 0.8 cm’, or one glass (or 
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brass) rod sensor in each 1.8 cm? of sapwood area. This may 
require many more than the 16 sensors that I have used in the 


most dense arrangement reported here. 
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CHAPTER VI 
GENERAL DISCUSSION 

Idealized heat pulse velocity theory 

Marshall (1958) provided a concise definition for the vel- 
ocity of a heat pulse (Eq. 2, p. 18) as calculated from his 
analytical equations as "the weighted average of the velocities 
of the sap and stationary wood substance." Unfortunately the 
term heat pulse velocity has been applied to the data obtained 
from almost any thermometric sap flow measuring technique (e.g. 
Hinckley, Lassoie and Running 1978; Kramer and Kozlowski 1979; 
Miller, Vavrina and Christensen 1980). This has resulted in 
considerable confusion particularily in comparing data and results 
from studies using differing thermometric techniques such as 
Huber's (1932) "first onset", Huber and Schmidt's (1937) "com- 
pensations method", Marshall's (1958) “heat pulse velocity" 
or Daum's (1967) stem thermal budget. Failure to appreciate 
the basic theoretical differences between these differing methods 
and the type of data obtained from each has impeded progress 
toward realizing the potential of any of them in sap flow measure- 
ment. Further, the results of application of Marshall's (1958) 
theoretical analyses in cases where it did not apply (e.g. 
Gale and Poljakoff-Mayber 1964; Merkle and Davis 1967; Miller 
and others 1980) has discouraged development of an "applications" 
base upon which to build empirically. Even where Marshall's 
(1958) technique was applied with regard for his conditions, 


nonuniform analyses and/or instrumentation have produced data 


~fav sda 102 aoitinteb pudenea’ B bebivoss preity t | 
eid mort bojeluotas em (OL aq s -pa) watug dao # 10% 
estzinofev aft to agamave eee af" as enoissupe Taokay 
| ons cfosenus soa yang sada boow ysncoitate “bes qo 
beninsdo adab ods 93. bedtqqe seed end ss salog 3 
.§.9) supindoe2 gnitwesom wold gee sisoeienendl mary | 
reVEL ttewolsox bas z9me7% GOR gntnaavd bos sioaent ‘ iz ce 
ot bedtuasy ead akdt . COBOL neansteliaD beta ankva¥. ris 
otinney bas stebh gnttequos ak qiireluok sxe eres siduxebie 
on fove seeptattred oftieqomsste guizedh th 7 asbuse, 
~moo” (T6041) @'>bimiot bas rede ,“isea0 ‘geste (shel) i 
“vt ino fev siluq sacd” (82eL) a! Liedeae ¢"bodtom heats 
*etoorqqe oF axulhet .3egbud hidteiati aati (eeet) a "aus 
sborfiam gitva?2ib seedy geowind seonsteRib Iaviistoeds stand 
ezargerg bebyqed nad detactla tila benknido Basb lo saya oda t 
-saucwon wort qua a? aedd to yon: Yo Isitastoq sia entashony brows 
(R601) a Sitndeaet to noises dys Yo adiuass ads paedaaut sa 
a0} yfqqe Jon Bib az orade esen> oi sseyfens Inotiexroeda " v 
aol liM OR abved bas olazoM {A901 rodyeN-2odatloy bas 9189 a 
“enotteoiiqga” aa 26 sage Lara beyexw.ese rb 4 (oes exsdio has” | Ba 
a‘ ifssisreM sxede osva_ «¥llostziqns. bliwd 93 ao kdw moqu sued 
enadisHbno2 att 204% Sangeet fiiiw beilgqs eow supimdosy cezen) 
saub beauboxq sved nok tasaomurs ai vo\bns seeylene orx03 Eauaon 
9 pied nie 


_—. _ | 7 _ 


sets incompatible with each other, obscuring the serious practical 
and theoretical problems presented in application of the idealized 
analyses (e.g. Swanson 1967, 1972, 1975; Hinckley 1971b; Morikawa 
1972; Lassoie, Scott and Fritschen 1977; Cohen, Fuchs and Green 
1981). Lastly the plant medium-technique interraction has been 

a confounding influence as the affects of stem tissue borders, 

the severity of the influence of wounding caused by sensor implants 


and physical changes accompanying physiological stress have 


not been fully recognized and accounted for (e.g. Gale and Poljakoff- 


Mayber 1964, Lopushinsky and Klock 1980). 

Marshall (1958) clearly set out the conditions under which 
his analyses were valid. He tested them, under the rather unique 
rapid growth circumstances that New Zealand grown P. radiata 
offers, and found them to be valid. He did not forsee the pro- 
blems that much slower sap speeds and smaller sapwood radii 
would create for future users. (Neither did he have any control 
over subsequent application and misapplication of his analysis.) 
Practical theory based on numerical modeling 

Numerical models of HPV probes and tree stems 

In this study, I have used two numerical models of a stem, 
one in the tangential-longitudinal plane, the other in the radial- 
longitudinal plane, to demonstrate that significant departure 
from Marshall's (1958) analytical solutions for heat flux in 
sapwood arise from flow interruption due to finite probe size 
and, to a lesser degree, from both sensor thermal properties 


which differ from those of wood and the position of sensor tips 
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with respect to the bark/sapwood or sapwood/heartwood borders. 

Both numerical simulations and experimental results further 
indicate that the results obtained depend upon sensor spacing, 
method of analysis and the time intervals chosen for application 
of Equations, 4 - 9 (Chapter II, p. 19 - 23), available for 
determining heat pulse velocities. Thus it is clear that the prac- 
tical use of the heat pulse velocity method for determining 

sap flux requires solutions to the heat transport equation (Eq. 

1, p. 18) for the particular conditions of measurement. 

Several of the conditions imposed on Marshall's (1958) 
idealized theory were relaxed to obtain these more practical 
solutions. Sensors were of finite size and materials, the heat 
pulse of finite duration, and the xylem not infinite. Noncon- 
vecting layers were present in the vicinity of the sensors. 

Heat pulse probes larger, smaller or of different shape than 

the 0.16 cm diameter circular ones I have used may be simulated 
in either model. The programs in Appendix F may be used with 
probes 0.04 to 0.32 cm diameter (TLM) and up to 4.0 cm long 

(RLM) without modification simply by inserting the appropriate 
thermal conductivity, specific heat and density values at each 
point in the node coefficient file (CPRB) indexed by the node 
index file (IPRB). Probe diameter is an extremely important 
practical as well as theoretical parameter as it sets the minimum 
width of nonconvecting wood (wound) in the plane of the sensors 
in the tangential-longitudinal model. Glass sensors, with thermal 


conductivity about 30 times that of wet sapwood, cause some 
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offset in calculated HPV's with asymmetrically configured sensors, 
but only at zero sap flow. This offset remains relatively constant 
with even higher thermal conductivity sensor materials such 
as brass or aluminum. Therefore, a very detailed specification 
of sensor thermal properties is warranted only for materials 
with properties similiar to wood. 

Macroscopic anatomical considerations 

Only macroscopic anatomical features of a tree stem have 
been simulated in my application of the models. I have used 
the radial-longitudinal model to simulate several combinations 
of bark and/or sapwood and/or heartwood in a 4.0 (radial) by 
8.0 cm (longitudinal) and the TLM to simulate wound values of 
0.16 to 0.52 cm in a 3.2 cm (tangential) by 8.0 cm (longitudinal ) 
grid. The only limitation on the fineness of the features that 
can be simulated by either model is node spacing, grid dimensions, 


5/ 


computer memory capacity and computing cost.— With the node 


Spacing used in this study, the RLM can accommodate cork and 
phloem layers in the bark, early and latewood layers in the 
xylem, if each is a multiple of 0.04 cm in radial width. The 
TLM can handle xylem rays which are 0.04 cm or multiples thereof 


in tangential cross section. 


5/ The 4.0 by 8.0 cm with 0.04 cm node spacing is the largest 
that can be accommodated with the ADI numerical solution 
technique in the University of Alberta's array processor. 
Much larger matrices can be accommodated in the University 
of Alberta's Amdahl 470V/8 mainframe, but the computation 
costs for even this 4.0 by 8.0 cm matrix in it, is roughly 
10 times that in the array processor. 
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Microscopic anatomical assumptions 


Convective and conductive thermal homogeneity must exist 
at each node in the grid of a numerical model as a point can 
have but one set of thermal properties. This means that the 
physical space represented by the node must exhibit similiar 
thermal homogeneity if the simulations are to be physically 
realistic, i.e., it must be isothermal (but may be anisotropic). 
In my models with 0.04 cm grid spacing, a node may be considered 
to represent a 0.0016 cm? area of stem tissue. To insure iso- 
thermal conditions within this area, the fine structure of the 
tissue simulated must be such that the node's temperature equil- 
ibrium time is negligible (Eq. 18, p. 29). Considering 0.3 s 
(1% of the shortest solution time, 30 s) as negligible, this 
means that any nonconvecting layer, in any 0.0016 oe area partial- 
ly occupied by functioning vessels or tracheids, must be 0.03 cm 
or smaller in the radial or tangential direction as appropriate 
to the radial-longitudinal or tangential-longitudinal model. 
The xylem of conifers may be assumed thermally homogeneous in 
this context (with the possible exception of areas containing 
longitudinal resin canals larger than 0.03 cm wide). Considering 
an average pore diameter of .04 mm, diffuse porous hardwoods, 
with more than 6 to 10 pores per square millimeter (0.017/0.0047 
= 6.25), may be assumed to be thermally homogeneous within this 
same context, i.e., te = 0.3 s (possible exception, an area 
of xylem including very large rays, 0.03 cm or more wide). 
Vessel arrangements in ring and semi-ring porous woods are so 


varied (Brown, Panshin and Forsaith 1949; McMillin and Manwiller 
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1980) that no general assumption on thermal homogeneity, or 
the lack of it, is warranted. 

Future developments 

Development and testing of heat pulse theory with numerical 
models is a continuing venture that will not terminate with 
this study. Since idealized heat transport theory does not 
apply in any practical sap flow measurement case, one loses 
the general applicability of it and must derive numerical solu- 
tions epprdeimarety applicable to each situation. The cases 
to which these 2-dimensional models have been applied have been, 
for the most part, those in which the results were verifiable 
by experiments conducted by me. Further work is required to 
verify the relationship between thermal diffusivity and sapwood 
moisture content. Verification is also needed of the averaging 
affect of high thermal conductivity sensor materials (glass, 
brass, aluminum etc.), in very nonhomogeneous sapwood such as 
Douglas fir (Cown and Parker 1979), especially that New Zealand 
grown, where the negligibly permeable latewood layers may be 
up to 0.6 cm wide (personal measurements, unpublished) in radial 
cross section. Also the simultaneous effects of sensor materials, 
sensor radial position, stem tissue borders and wound can only 
be explored with a 3-dimensional heat flow model. 

Precautions 

The new theoretical analyses presented and tested in this 
study, which are based on 2-dimensional simplifications of non 


idealized situations, explain much of the deviation from idealized 
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theory that one encounters in practical applications. A number 
of cases, specific to the instrumentation and analyses techniques 
recommended below, have been simulated to provide a "standard" 
set of solutions for application to the measurement of xylem 

sap flow. These will provide no better results, and receive 

no better acceptance than Marshall's idealized analyses, if 


the recommended practice is not adhered to. 


Practical sap flow measurement considerations 
Wounding upon HPV probe implantation 


Flow interruption (wound) occuring during and subsequent 
to heat pulse probe implantation has been shown to cause the 
most serious departure from idealized theory. The comparisons 
of transpiration calculated from HPV's with independent measure- 
ments of transpiration required selection of wound width values 
for the corrections. When HPV measurements were made within 
a few days of probe installation, good results were obtained 
by assuming that initial flow interruption was confined to a 
slab of nonconvecting wood as thick as the largest probes' di- 
ameter, plus 0.04 cm to account for probe misalignment, e.g. 
the P. halepensis, P. radiata (first drying cycle) and Picea 
glauca experiments. 

Wound width increases with time after installation. This 
is to be expected as a consequence of oxidation and resin depos- 
ition in the sapwood surrounding the probes (Shain 1967,1979, 
Shigo and Hillis 1973, Merrill and Shigo 1979, Shortle 1979). 


In P. contorta, wound width had increased to 0.32 cm (simulated 
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result) at 30 d, and to 0.44 to 0.52 cm, 100 d after installation 
(confirmed by measurement). This means that either HPV measure- 
ments should be carried out with freshly installed probes, or 
wound width should be measured, a necessarily destructive proce- 
dure. 

In the Picea glauca experiments, reasonably good results 
were obtained with the assumed W = 0.20 cm for 15 to 30d after 
probe installation. In the Betula, Nothofagus and Populus exper- 
iments, where wounds wees measured, corrections to HPV's based 
on these gave reasonably good results. During the second drying 
cycle of the P. radiata experiment, assuming W = 0.28 cm gave 
much better agreement than W = 0.20 cm. The apparently retarded 
wound development in the P. halapensis, P. radiata and Picea 
glauca experiments, where the original correction was valid 
for 14 to 40 d, may have been due to stress induced by the arti- 
fical environment and reduced water supply. This observation 
is supported by the work of Vite' (1961) and Puritch and Mullick 
(1975) who reported that resin exudation and physiological wound 
reactions may be delayed or postponed by high plant water stress 
(eve. August data points, Fig. 5, p. 21). 1 feel that iwith 
0.16 cm diameter probes, the use of a W = 0.20 cm correction 
will be valid for about 10 d under normal physiological condi- 
tions, but the actual speed and extent of wound development 
depends upon a complex series of successional events which, 
at present, are unpredictable (Merrill and Shigo 1979) so that 
actual wound, beyond that occuring upon implantation, must be 


ascertained in each situation. 


19/ 


wokieliagend 10129 6/00) Jame 


~pruaeeq Vil r9dsde Sead 
so ,2adorq bolfatant <recinien. 0 heirxpoim 
-90074 sv idows2eob Ui lyweagnen ie ybotuasgm vd 
sapere ; 4D 
eiLanex boog idanornas aaasabrsqxs sont siodt of ab. vk 
‘eae bh Of of 2! xo} me Oem A bymuson 9if2 daw. . | * iy 

-19qn8 eyigeet bra _ sugatoraey, wafviss od3 ot pokte Listens " i. 
bopad .a' YH oF sapiasaries ybSapesom s19w shauey osert: (a: a: 
gnigrh beoose edz gaizul «esbopew boog buat bd atl 
avey am 88.0 = Wigateunen _anomisoqxe. agbhbar , % os toa! 
psbrereq. eitnsusqgs oft sap 05,0 0 ams, simone, r93a0d § 
pot bre sinithat «2 ,-etemegalad vieds nie deme c Lovely by 
bivsv. euw solsowrz00. Isalgixo. odd, arnde vsiinpm rome. a 
aiaee) ott qi boowbak eseonte od) ore ree gaa «08 02 4 
_tolsevaseds aide oeqgue rasa! beowboy bas Inewnox ive 
doi fine bes dovieet bow Chee hp twakv to. Atow, ont yd besrogque 8 
brow fgorgo(qtegiq bam nok tabuxe, alaoe ded2~boroqes: a if 
reotie satew prety gait qd begogteog x0 boysiob od, ust sapkinnee | 
dikw aid fyek fv CES oye sgl ,e8niog nonb seuauh m0) . . 
ASksagaseo mo DEO Ww Ro vev sft ,aodory rossanib 20 ; 

~ tuna, ta>igosoingla, asmyan: amb b DL. auede 20% biley od Ijw 

sansiqotgvoh bawow 20 Aiglanepre booqs. invioe ody gud) ganas : 
Yehuda ose Lomoienponiie 20 xpinae xelquo> @ apqu abasqab | 
Sectargia (ONES ‘palit’ ban 1eiseiN. oidesoibaugun van adneeeag 38 
ad dein veo iret eda Baque-snitsws20 dnd? baoged xbayow Havas | = 
. ~folivutie done nt baninsrezes J | 


4 


ull 


yi ; ; : . 
% =d | : 
i ri ay | 


Analysis method and probe configuration 

Analytical technique, sensor spacing and sensor arrangement 
must be suited to the range of heat pulse velocities anticipated. 
Heine and Farr (1973) consider heat pulse velocities to be about 
1/19 of actual sap speeds. The magnitude of HPV's (conforming 
with Marshall's definition, Eq. 2, p. 18) that have been encount- 
ered in conifers is 0 to 35 cemh! and 0 to 32 cm tg: in diffuse 
porous hardwoods (Hinckley and others 1978) with most less than 25 
cm ae The fastest I have ever measured was an HPVT of 34 
cm es P. radiata (unpublished data). The simulations indicate 
that no single analytical technique, sensor spacing or sensor 
configuration will produce satisfactory results over this 0 to 
35 cm h apy range. 

In the idealized case, the HPV data derived from all of 
the analytical equations is the same and may range in magnitude 
from zero to several meters per hour. In the nonidealized situa- 
tions of interest, the HPV's derived from the several equations 
are not the same and the range of actual HPV's that can be detect- 
ed with a particular sensor spacing is limited By wound, the 


proximity of the sensors to the sapwood boundaries and the choice 


6/ Hinckley et al (1978) in their Table 5, give sap speeds 

¥ as "HPV" if derived from thermometric data; "HTO", "32P" 
or "86Rb" if derived from tracers. To derive the above 
range of Marshall-type HPV's in conifers and diffuse porous 
woods, I considered that all of their "HPV's" attributed 
to Huber and cohorts, and those obtained from tracers were 
peak sap speeds. These I have converted to Marshall's 
HPV's by dividing them by 19 as was done by Heine and Farr 
(1973). 
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of times at which temperatures are determined. The analytical 
equation (Eq. 4 - 9, Chapter II, p. 19 - 23) used to convert 
temperature data to heat pulse velocities, the physical arrange- 
ment of the heat pulse probes in a tree stem, end the solution 
times at which temperatures are to be measured must be chosen 
with due regard for the xylem position of the sensors and the 
HPV's that they are likely to encounter there. Equations 4 
and 7 are usable with temperature data from one temperature 
sensor located downstream from a heater. Equations 6, 8 and 
9 require data from a second sensor located upstream from the 
heater. 

The numerical simulations indicate that the one sensor 
HPVM (Eq. 4, p. 19) and HPVP (Eq. 7, p. 22) configurations are 
virtually useless at actual HPV's 0 to 20 cm fees In RLM sim- 
ulation, both of these techniques were seriously affected by the 
proximity of the S/H border and to a lessor extent by heat loss 
when near the B/S border. The HPVM equation may be of use at 
actual HPV's greater than 20 cm ne in combination with the 
two sensor HPVA or HPVS configurations because the data for it 
are those that would ordinarily be obtained at the downstream 
sensor of these two sensor arrangements. My experience in using 
the HPVA, HPVM and HPVS analysis techniques is that reported 
in Chapter V where the HPV's encountered were all less than 
20 cm an Results obtained in quantitative tests from the 
few trees instrumented to obtain HPVA's or HPVS's were similiar 


to results obtained from the very many installations where HPVT's 
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were obtained. I feel that I have some justification to recom- 
mend further use of the HPVA and HPVS techniques (but no basis 

to comment on further use of HPVM). The only reported work 

using the single sensor HPVP technique is that of Cohen, Fuchs 

and Green (1981) who were apparently satisfied with the consist- 
ency of their data. Aside from Marshall's (1958) initial exper- 
iments to verify the correctness of his theory, the use of the 
single sensor HPVM analysis to calculate sap flow in any practical 
Situation has yet to be established. 

One very important consideration in using the two sensor 
configurations, HPVA, HPVS or HPVT, is the magnitude of the 
temperature rise occuring at the upstream sensor. Miller, Vavrina 
and Christensen (1980) report that with a sensor 1.6 cm upstream 


I (an 


from the heater, at peak sap speeds greater than 2 mh 
HPV of approximately 10 cm ate) no heat reached the upstream 
sensor. Table 18 gives values for the theoretical temperature 
rise at 120 s (obtained using Eq. 3, p. 19) at sensors located 
0.96 or 1.44 cm upstream from the heater. With my instrument- 
ation, the minimum detectable temperature rise above ambient 

is approximately 0.005 °c. With a 4s heat pulse, a true HPV 

of 60 cm hes (corresponding of an HPVA, HPVS or HPVT at W = 0.20 
em of 20 to 25 cm heey the temperature rise would be marginal- 

ly detectable at 0.96 cm, and undetectable at 1.44 cm upstream 
(Table 18). Therefore, the HPVA, HPVS or HPVT techniques, with 

an upstream sensor within approximately 1 cm of the heater, should 


be usable over the range of HPV's normally encountered in conifers 


and diffuse porous hardwoods. 
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Table 18. Theoretical temperature rise at a sensor 0.96 or 1.44 cm 
upstream from a heater, 120 s after a heat pulse of 1 to 4 s duration, 
in dry sapwood; HPV = 0, 30 or 60 cm ae. Mgw = 0.5 dwb, Pb = 0.4 cal 
a sec ie = 0.0024 cm? os . The heater is composed of brass tubing, 
0.16 cm diameter with No. 28 AWG nichrome wire insulated from the 

brass tubing by Teflon. At an electrical resistance of 0.16 ohms cm), 
and a 4 ampere current, the temperature rise at the heater is approx- 
imately 40 Cc pte At higher sapwood moisture fractions, 1.0 to 

1.5, the temperature rise would be about one-fourth to one-tenth 


that tabulated. 


Temperature rise above ambient, °c at indicated HPV 


HPL Sensor at 0.96 cm Sensor at 1.44 cm 

sec at heater 0 30 60 cm/h 0 30 60 cm/h 
1.0 40 4.6 0.23 0.01 1.94 0.09 0.001 
2.40 81 9.2 0.46 0.02 5. Op 0.18 0.002 
3.0 wel 13.0 0.70 0.03 S60 set 0.002 
4.0 161 18.5 0.93 0.04 TAS 0237 0.003 
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Analysis method and sensor location 


Marshall (1958) indicated that with sensors implanted less 
than 0.5 cm deep in a dowel, freshly milled from pine sapwood, 
heat loss at the surface noticeably affected HPVM measurements. 
(I interpert a "freshly milled dowel" to mean that no bark was 
present and flow occured just under the surface as well as at 
all deeper depths in the dowel.) The RLM simulations generally 
confirm the necessity for this depth beneath the flow surface 
with the single sensor analyses techniques, and with 0.32 cm 
of bark, the sensor must be installed to a total depth from 
the bark surface of 0.82 cm. With the two sensor techniques, 
this depth criterion can be relaxed considerably, as both simul- 
ated and experimental results indicated that sensors could be 
as shallow as 0.2 cm into sapwood if the bark was 0.3 cm thick. 

The radial-longitudinal model simulations without sensor 
materials indicate that HPV's calculated from temperatures re- 
gistered within 1 cm of the S/H border are affected in two ways. 

1) By a gradual reduction in magnitude that begins about 
1 cm on the sapwood side of the border and continues 
on for about 1 cm into the heartwood before indicating 
zero movement. 

2) By distorting the temperature field at HPVI's greater 
than 20 to 30 cm hy so that the HPV's and its cal- 
culated from temperatures taken at fixed time intervals 
(e.g. 60, 120 and 180 s) assume nonsensical values, 
i.se., either extremely high or negative (Table 10, 


column 4,5 6; p. 99). 
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In the potometer experiments, the relationship between 


calculated sap flow and actual transpiration was improved slightly 


in poplar and made worse in birch by inclusion of a correction 
for the gradual reduction in HPV's that the RLM simulations 
indicated. The PT2 poplar potometer was the best instrumented 
of the four. Here the position correction resulted in a minor 
improvement of calculated versus actual transpiration, but did 
not greatly improve the data fit about the 1:1 line over that 
provided by the correction for wound alone (Fig. 43A and B, 
pee Bic 

The HPV's attained in the potometer experiments were all 
below the values (20 to 30 cm a where the instabilities began 
to become evident in the RLM simulations. Radial profiles of 
longitudinal permeability (Booker and Swanson 1979) indicate 
that, for the most part, liquid permeability near the S/H border 
is about 50 to 60% of that eT amtenes in the sapwood. Presumably 
heat pulse velocities near the S/H border would be reduced on 


the same order of magnitude as the permeability values, and 


only rarely would the high HPV's, at which the nonsensical results 


were simulated, be attained in actual sapwood. I have never 

observed the simulated behavior, but since my experience in 

applying the HPVA, HPVS and p! analyses techniques is limited 

to that reported in Chapter V, where the fastest HPV measured 

was 17 cm ha I cannot say that it will never be observed. 
Because of the low HPV's encountered in conifers and diffuse 


1 


porous hardwoods (0 to 35 cmh ), the use of one of the two 
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sensor analytical techniques is mandatory. The HPVA, HPVS, 
HPVT and p! analyses are stable from HPVI = O to 60 cm ie Tt 
the sensor tips are not within 1 cm of the S/H border. Within 
1 cm of the border, the behavior of the HPVA, HPVS and p! analyses 
that is indicated in the RLM simulations may indeed occur and 
one may have to avoid sampling in this portion of the sapwood, 
sample at time intervals shorter than 60 s (e.g. 30 s, Table 
11, p. 100) or shift to the HPVT analysis technique which is 
relatively unaffected by the S/H border (Table 12, p. 101). 

The results from potometer PT2 indicate that sampling with 
more than one sensor at each of several depths in the sapwood 
is far more important than correcting for errors in HPV measure- 
ment near the S/H border in order to extrapolate them over the 
whole sapwood. In most practical instances, one would only 
know in general the position of his sensor tips with respect 
to the S/H border. If the high thermal conductivity sensors 
are used, then the position correction is apparently not neces- 
sary. With good sensor distribution in the outer sapwood, appli- 
cation of the radial position correction is not generally warranted 
in application of implanted heat pulse theory to the measurement 
of sap flow in conifers and diffuse porous hardwoods. 

Thermal diffusivity and moisture content 

Longitudinal thermal diffusivity is sensitive to moisture 
content and appears to be of use in estimating it in conjunction 
with HPV measurements. Sensor spacing is more critical in ob- 


taining p} than in obtaining HPV. At a sensor 0.48 cm upstream 


HS 


Pu Loa 


cave ,AVIM sAT! Gs ied Gomme apt: ig 
3 I 03-09 0 SN wut incase cla 

nidaiW cxebaod/AVeVRd Relay TP didyiw dom soa ns 
eseytane “@ bas Bae Ait odd ov soivested: say vastaoe aha 4 
baw gyo00 besbai -_— encisatumte MIR os ni bide Seah d i | 
,boowgse sid to mre eind ai stiches biovaced svad % al " 

sfdet ,e OF ‘ale 6 G2 Waea sots0de Bhavesdel PTs t 
st doidu supiadsed a heghios “PVGR it Ba sesieari | 
ClO oq St ieee sobrod A\@ of% yd bstooltadd 4! ives i 
Htiw goilqune taddt steotbal ¢F9: 19940 'F0q nord ativasn “7 ; 


io). 
hoowpia sofa at adage isvaven 16 Howe di hodne dig 7 


-owueane VIR ok avotis tot gaktoeTios nea hemes stom 4 | 
ats 1avo wed sescak \eraee 09 e570 ai xébz00 inbces Hada 
tise bluow sag siecle faotsseng “twom aT ° rama ik 
soggems dsiw aqhdt toseom eff Iw molataog ad? stant ot 
aoumns yilvigsobaao feavedd agitd ‘eda a xsbrod # | 
-aea9a Jon ylinexeqqs ef soi jsertes ois sea of3 wot bow iad a5 


~liqgs ,boowgae Hagin sia at soktudistekd: soanse ‘boog d3IW we a 


“yy 
iJ 
» a 


betnsyte. wlasensg son HE aoidestz03 nokakieng {sibsy sid 40 a08s89 f 


inomeivesom aid of ‘esd oer <laen tints gaat Yo ae - 

eboowb stl asor0q: eneenitandiaraiadicead tanith a : 
lial gtivieutRis few os 7 

sce sleeeeta inthis 1 tlhe tan tGatgent 9 ne 

weitonupoos ak gt gaitenisee at omy eer oY 

«do pk laaitin9-oxoe af gakouge roRnee -einowsisense VEH diw : | 2 


nnandequ ia 88.0 roeeni a ial \9aH goidresdo wma pas 


; : i 
> | | | | mr is 
« , 


from a heater, the p! calculated at low sapwood moisture content 


simulation (Mgw = 0.5) was 0.0020 om* Sen compared to 0.0024 


Sule ape imposed. At sensors 0.96 or 1.44 cm, the pits calculated 
were 0.0022 and 0.0023 cm” As respectively. The difference be- 
tween the values obtained at these spacings become smaller as Mgw 
becomes larger (see Tables 8 and 9, p. 87, 88, Mgw = 1.0 to 1.5). 

In addition to the interraction between sensor spacing 
and a, the values obtained at either an up or downstream sensor 
are also influenced by the HPV imposed during simulation. At 
imposed HPV's greater than 5 to 20 cm ie (the range of applicable 
HPV's is dependent upon Mgw), the pt calculated at the upstream 
sensor is larger, that at the downstream sensor smaller, than 
that calculated at HPVI = 0 cm vy With both sensors approx- 
imately 1 cm or more from the heater, the average of the eae 
obtained from both of them is quite close to that obtained at 
HPVI = 0 cmh ~~ (Table 9, p. 88), and this average is the value 
that should be used to estimate sapwood moisture content. 

Heat pulse probes 

The diameter of the heat pulse probes should be as small 
as is practical to reduce wound width upon implantation. The 
0.16 cm diameter heater used throughout this and most of my 
previous studies (Appendix E) is about the smallest that can 
be used and still produce a detectable temperature at 1 cm ups- 
tream. Since wound width is a function of the largest diameter 
probe in a heat pulse set, there is no reason for making the 


temperature sensors some smaller size -- although it is physically 


possible to do so. 


205 


ded 


i o 


F ey ee ia 
inatnoo stusalon toca 


vn 


AS00.0 03 besaqooa .” a, 
i 


baJalvolas a’ d off Ba 6.1 m9 88.0 ar9eDe Ae 
~od eone7922ib sdT -lsvissagnos | R - Soo ‘Fea ibe : ae 
wg! an zalfeme sees or seed is bsninadp pou say, “. 
1 Od Ol “wh 188 t8 ~q re bas’ 8 eolda? 998), xagaal gn 
gvionge, xoanse aeewrsd poka>exz¢90d, a2 02, nolaibbs, ¢ 
1OSNSe MoSIIeMWOb Oo qe ns redsia 4s boninsde outsy of. oa 
v4 ,notiniuate gnitub basegmé VIE ont ud beomsul Ink os! 7] ra P 


_~ 


oideokiqgs to sgnsx sdi) ~ d ao OS 63 & nsdt w9ge0TR * ‘ya 


anastenu od? 3s beaelwoles * oat Cegit megs. mma us 
vada _to! Lame yoanse apotdanwob ot te ded jaepxet. ee 
“49 HIAE eroanpE djod 3iW ar) Bi 208 et i. eta lita hae 
‘a ott % agnteve eft aed ott ‘wort, rm 70, a ty Ie: 

28 baniatdo sada 09 epots siivp "3 vasa to steed ord bone 
sulev od3 ai sgavovs eka bie 88 +4 & 9fdet) a ae. o. 
-ingiaoo siusjztom boowgsa siamites beau shorn , 

‘iswe en od bivode eoderq os tug teed adi io 0) emit ME ia . 
oct .soktetnniqni’ ftoqu abe bauaw aeubsx of teoizgaxq he 
ym to s¢0m bas skay twodgvords beau r03K9d vesemib me LO 
ono jada seottaes Sa ae 3 vi (3 xibnaqga) seihune euokverg 
“equ a> L te ome aguas ‘ da t9b 9 eahoag, mee 
vesommib semmnal sda to velinav? » ai dibiw favew Soni ae 
as grises sot notes ona at Stels «94 salug sgaM pak adoro: 


tmoteydg ei 3: Aguada — ; sly to [lane smo e sone, staan 
| -o8 ob 9 sidbevot, ae 
* 2 ; 7 We : a - 


ew de ae 


206 


The transpiration results (Figs. 36 - 39, Tables 15 - 17; 
p- 149 - 166) obtained with a few high thermal conductivity 
glass rod sensors were consistently better than those obtained 
with several of the lower thermal conductivity Teflon sensors 
(Figs. 40 - 43, p. 173 - 177). These results may have been 
due to the greater sapwood area that these glass sensors integrate 
or to the less artifical physiological conditions of trees in 
lysimeters versus severed stems as potometers. The Teflon sensors 
were used because they could be easily removed and used in sub- 
sequent studies. (I tried to use brass sensors but the electronics 
of the then operable HPV logger was incompatible with the multiple 
common electrical grounds that occur with more than one sensor 
set.) Glass sensors are not as mechanically robust as the Teflon 
ones, tending to crack upon insertion (and it is almost impossible 
to excise them without damage). The cracks allow sap to contact 
the thermistor lead wires which causes unpredictable electrical 
noise at the temperature detector. This can be a serious problem 
with the glass rod sensors if they are not very carefully instal- 
led. 

In the RLM simulations, the brass rod sensors integrated 
HPV's over an area on the same order as the glass rod sensors. 
The brass rod sensors are mechanically robust (they are constructed 
almost identically to a heater except that a bead thermistor 
is installed instead of the nichrome wire) and in the one field 
test that I have conducted with them, they were not subject 


to electrical noise even after several insertions and removals 


_ en om 


a1oORmeR aolte? <aivi sates hey wine! ot  tamvae 


wag " 


aoed evant yan os fuss sandt noe ~ £¥I oT we . eh 
: ald es + ’ 
eee eroucsn » anelg oun anit nous ae 7a3e97g | 7 
renee | 


mi eaexd to ae otaihuen_ faotipetols vi Teothises east wt ot 
j “hep ™ ag 


exoensa nolieT siT .stedeaogeq ~ Rests horsvon su2atev eisjemiey! | 


y hid." " { L 2 
ven nt bor = bevoma-r vitane ‘od my xo seunsed acure —_ wo 


eairowiosia sly gud stoense ean ener od cri 1 .ssibeds % ae 
> 


4 
slqistiua add dite otdiaadneant BBW es Vq8 otde1290 pi irs to 4 


gm, at Tae hy 


ka 
Yourse sac ands 270m ashe TuUI20 jabs! ebavorg AsoPxa2010 th 10 


ape 


| 
3 a8 cd 
- ee 
oe = = 


foflet sifd ag ner ¢{ tno tnndoom aa Jon 916 sroense easf9 


' hie Vii) A) a patel he 
fdi ei “tnbate dt 4: bers} sorerpant w daeasa o 890 
ofdieaog@t Ya mr eet eee 
towano> oF qe2 wollte peaean ae Cgasio’ suosts wns on os 
7 Mei : MCW Es : 4 : 
fsciatoels eIdatsibsiged vom fei cons. Saat foasimasits, ft av 
iP ec x 
wsidonq exottes a sd neo eiat teresa stat reqs ait 30 oN et 
-Istant yllutesgo ytev don eve yods ti spepeuk heck tealg oda sie 
eee Te a 
. . es ent “i ) 
beriuangestk arpande ‘hon aoe gyi -anoisetunia MIA ods ar i 
2 iy VI0PH: ®. as. 
 @TOBNSY box ahmty ode, ad founda <* 
; he Pa 
bs )onrsanos 974 venta) seudyr arene O38 heat bor 
Bld re\oapgie. wh MAS mit 


rete imsads bused ® wats ba heated Zoised 8 of Rey reste 
Pilar 


biei? sno sat ite brie Lacie cieas he odd 30 Mild 
i a pity jean ay 
toatsue, an sa ee cael Atiw basaubaos Ppa dee 

<> ie DAA, » . f 
boven Pa snort i tits “bi | onton Saal 
‘5a = {y2, ee | oe 


to other locations. Their principal disadvantage is that the 
case is one side of the electrical circuit and it is common, 
via the tree, to one side of the heater as well. Electronic 
circuitry can be devised to accomodate these multiple common 


grounds, but the large electrical transient generated during. 


the heat pulse may be propogated into the temperature measuring 


circuitry. Instrumentation to utilize the brass sensors in 


muitiple probe installations is tricky at the millivolt temper- 


ature signal levels involved. 


The Teflon sensors were moderately rugged. They were easily 


installed and about 95% could be removed for use in subsequent 


studies. They are electrically isolated from the tree and heater 


circuit. From both the mechanical and electrical standpoint 
they are an ideal sensor. The small amount of sapwood they 
integrate over may be an advantage in studying the relatively 
fine structure of sap movement near tissue borders, but a dis- 
advantage in transpiration measurement. 

To conclude this section on sensors: there is no ideal 
sensor suited to all applications of the heat pulse velocity 
technique. The choice, in each instance, must be made with 


due consideration for the objectives intended for the data and 


the electronic indicating or recording instrumentation available 


to the researcher. 


Indicating or recording instruments 


One does not have to take very many HPV measurements before 


he realizes the value of a recording instrument. Taking HPV's, 
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particularily HPVT's, is a boring job! Sap flow may occur at 

all hours of a day. Both day and night HPV's are necessary 

to estimate diurnal transpiration. Several sites may need to 

be sampled simultaneously. All of these sampling schemes can 

be done with a number of direct indicating instruments and several 
observers, but recording of some sort is preferred, largely 

to eliminate errors caused by the boredom of taking the readings. 

The easiest analysis technique to instrument is HPVT. 

One needs only a sensitive null detector to indicate when temper- 
atures at the up and downstream sensors are equal, a means of 
activating the heater for some prescribed duration and a stop 
watch to indicate tz at null temperature after the heat pulse 
has been registered. Suitable indicating instrument designs 

are given by Swanson (1962, 1974a). This technique can be semi- 
automated to relieve operator error by replacing the indicating 
meter with a strip chart recorder and by providing some sort 

of elementary programmer to actuate the heat pulse. The tz is 
measured from the recorded temperature difference trace (Swanson 
1967b). 

The HPVT technique gives the least amount of useful inform- 
ation to go with HPV, and it is not useful at HPV = 0 or at 
negative HPV's. Also, normal heat dissipation from the test 
section, limits the tz one can determine, with either an indi- 
cating or recording instrument, to about 300 to 400 s (Swanson 
1962) corresponding to an HPVT of 3.0 to 2.5 cm a with the 


(-0.5,0,1.0 cm) sensing configuration. The time spent obtaining 
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tz is inversely proportional to sap flow as tz is greatest at 
tiie slowest flows. 

The use of the other time-dependent solution, HPVP, has 
been reported by Cohen and others (1980). The time of maximum 
is not sharply defined at low sap speeds (Fig. 2, p. 20), and 
is best obtained from a recorded temperature trace or with an 
electronic "maximum" detector. Measurement time is an inverse 
function of sap speed as with the HPVT technique. 

The fixed time interval HPVA, HPVM, HPVS and p} solutions 
appear most useful with digital recording instrumentation. 

One can construct an instrument to sample several sensor sets 

at fixed intervals in multiplex or time sequence and record 

the temperature in digital code on magnetic tape for direct 
entry into a computer. The HPV logger that I had constructed 
read temperatures at -60, 0, 60, 120 and 180 au The temperatures 
before (-60 s) and at the heat pulse (0 s) are ambient; temper- 
atures at 60, 120 and 180 s after the heat pulse are referred 

to ambient for use in the appropriate equations. These data 

can be multiplexed over a relatively short time span (ca. 5 

to 10 min for all of the probe sets, limited to 8 sensor sets 


sensor 1, T, sensor 


in a group by heat pulse duration), i.e.: T 1 


1 
25 7eR qT) sensor m5 T, sensor l, T, SENSOTHZ, US 6% T, sensor 

msasur wis sensor l, ie SENSon i 2HOUE ? qT sensor m. Or the temper- 
atures may be taken sequentially at one sensor before advancing 


to the next set so that data are taken over a long time span 


(ca. 5 minutes for each probe set to a maximum of 12 sets if 
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hourly data are needed), i.e.: T, sensor l, A les 1, see 


Po SeusOr 1s Ub ww eereor se, ibn) SCNSOr! 2. 5... Ti: Sensor 2%. ... 
n 2 n 


1 


T, sensor m, T, sensor m, ... T,, Sensor m. (In both cases, 


1 2 


n is the discrete time step, m is the sensor set number.) The 
sequential scheme can be easily adapted to a strip chart recorder 
or existing data logger; the multiplexing scheme is best suited 
to a dedicated heat pulse recorder. (See Appendix E for suggested 
multiplexed logger.) 

Sap conducting xylem area 

According to Kramer and Kozlowski (1979) the amount of 
the crosssectional area of a tree trunk involved in sap conduction 
varies widely. In diffuse porous hardwoods and nonporous con- 
iferous woods, a number of growth increments are involved. 
In some ring porous hardwoods, only the most recently formed 
ring conducts sap. 

In this study, which has been confined to diffuse porous 
and coniferous woods, I have assumed that all of the xylem lying 
outside of a central core defined by an abrupt change in moisture 
content or color was conducting. If xylem pressure potential 
is propagated uniformly across the conducting sapwood, then 
one should expect sap movement wherever the wood is sufficiently 
permeable to permit it. The saturated longitudinal permeability 
measurements of Booker and Kininmonth (1978) and Booker and 
Swanson (1979) indicated that the entire sapwood of the species 
studied was thus capable of conducting sap. In this study, 


the TR(HPV) values calculated using the total sapwood as conduct- 
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ing area did not consistently overestimate actual transpiration 
as would be the case if only the small outer portion of the 
sapwood was actually conducting. 

The heat pulse technique with Teflon sensors may be useful 


in defining the approximate boundary of the sap conducting area 


even if it does not define it precisely enough for use in transpir- 


ation calculations. Likewise pulsed electrical resistance may 
provide an indication of the radial extent of discoloured wood 
or true heartwood (Skutt, Shigo and Lessard 1972). Certainly, 
the radial extent of sapwood indicated by saturated longitudinal 
permeabilty profiles could be verified or refuted with these 
techniques. Until such work is done, Kramer and Kozlowski's 
(1979) statement that the “anatomy of the conducting system 
needs more study" still stands. 

Sapwood moisture content 

In the artifical transpiration situation of the potometer 
experiments reported A Chapter V, calculated sapwood moisture 
content was shown to decrease through time as the tree was sub- 
jected to considerable stress (Bigu45 separ tSbserXPPuz <0-.2ato 
-1.4 MPa). Edwards (1980) using a non destructive gamma atten- 
uation technique on stems of Pinus contorta and Picea sitchensis 
(Bong.) Carr, found that sapwood moisture content was increasing 
at the top of a tree while decreasing near the bottom. Shain 
(1979) reported that in excised wood bolts, water was withdrawn 
from severed tracheids by tensions still existing in the intact 


xylem. Shain and Edwards measurements indicate that sapwood 
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moisture content is not static, presumably undergoing continual 
spatial adjustments to equalize longitudinal gradients in xylem 
pressure potential. More importantly, Edwards found that sapwood 
moisture content returned to the previous day's value after 
undergoing a diurnal change when XPP fluctuated between -0.3 

and 0.6 MPa. My results (Fig. 45, p. 186) show a range of diurnal 
fluctuation similiar to Edward's, but superimposed upon a decreas- 
ing moisture content trend as XPP decreases. 

My results, combined with Edwards (1980), indicate that 
sapwood moisture content undergoes relatively minor diurnal 
fluctuation. If moisture content is measured at the beginning 
and end of a heat pulse measuring sequence under normal physio- 
logical conditions, the daily values in-between can be linearly 
interpolated. Under stress conditions, it should be possible 
to augment beginning and end moisture content with estimates 
from longitudinal thermal diffusivity measurements. Again, 
the sapwood moisture content of living trees is an area where 
further study is needed. Perhaps simultaneous estimates based 
on longitudinal thermal diffusivity measurements and gamma atten- 
uation would improve our understanding of moisture content fluc- 
tuation in normal and stressed trees. 

RECOMMENDED PRACTICE 

Sap flow or transpiration measurements which are based 
on heat pulse velocities, require sound spatial and temporal 
HPV sampling procedures as well as accurate estimates of the 


sap conducting area, sapwood moisture content and sapwood basic 
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density. The techniques and analyses to obtain HPV's at a point 
are based on the simulated and experimental results reported 
in this study and must be strictly adhered to in order to obtain 
comparable results. The techniques indicated for obtaining es- 
timates of sap conducting area, sapwood moisture content and 
temporal-spatial HPV averages are those that I have used with 
some degree of success. This latter group is included in these 
recommendations primarily as a guideline that may or may not 
be adequate to obtain reasonably precise estimates of sap fine" 
in a particular situation. 
Applicability 
The practice recommended here is applicable to all coniferous 
and diffuse porous woods meeting the following criteria. 
1)  Sapwood equal to, or greater than, 1 cm in radial 
WIGEN, 256.4, Stems at least. 2 cm, dib. 
2)  Latewood portion of growth rings equal to or less 
than 0.2 cm in radial width and making up not more 
that 50% of the sapwood. 
3) A minimum of six to ten vessels per square millimeter 
(diffuse porous woods only). 
4) Sensors installed 10 or fewer days. 
Heat pulse instrumentation 
Sensor configuration 
Sensors 0.16 cm diameter spaced 1.0 + 0.1 cm at equal depths 
above and below a line heater extending from the bark surface 


to at least 1 cm deeper than the tips of the sensors. 
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Analysis technique 
1) HPVS from temperature ratio at 120 s (Eq. 6, p. 21). 

This technique is useful with the above sensor spacing 

frome Gu DutousOacma hin cmhicheatuwens0.20.cRy 

corresponds to a true HPV range greater than 60 cm ag 
(Table 19) .2/ This range should be adequate for the 
applicable woods. 

2) Longitudinal thermal diffusivity calculated at the 
downstream sensor with temperature data taken at 
60,°°'20""and I807s: 

Sensor materials 

Teflon, glass or brass depending upon the objectives of 

the study and the instrumentation available. Glass or brass 
materials are prefered for transpiration studies. 

Recorder-controller 

The block diagram of a esa ce ee to actuate a given length 

heat pulse and record the temperature rise at the up and down- 


stream sensors of two HPV probe installations is given in Appendix 


7/ The equations of Table 20 are presented as a convenience 
to those who have used Marshall's idealized theory with 
implanted, asymmetrically spaced temperature sensors. 
Although this Table was derived from simulations of 0.16 cm 
diameter glass sensors at (-0.5,0.1.0 cm), these equations 
give results (using HPVT) within 5% (at the appropriate 
wound width) with any sensor material if the sensors are 
spaced so that the difference in up and downstream distance 
is: -0, 51cm ,.90t ec =003,0,0-8 to -1.0,0,lo5ecm). I have 
also included equations for use with HPVA to resolve sap 
flows near zero. These last are valid for data from 0.16 cm 
diameter, glass or brass sensors spaced (-0.5,0,1.0 cm), 


analysed at ty = 60 s and t, = 120 s. 
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Table 19. Coefficients for calculating imposed HPV's with glass, 
brass or Teflon sensors spaced (-1.0,0,1.0 cm) calculated using Equa- 
tion 6 (p. 21), HPVS, downstream to upstream temperature ratio at 
120 s and longitudinal thermal diffusivity from the downstream temper- 


ature sensor at t = 60, 120 and 180 s. HPVC = a + bHPVS + c(Hpvs)?. 


Wound HPVS 4 to 30 cm/h HPVS 0 to 5 cm/h 
cm a b c a b c 

0.16 3.708 0.655 0.063 0.090 1.404 0.029 
0.20 4.612 0.449 0.099 OF115 1.505 0.045 
0.24 5329 0.254 OF141 0.132 Ber62 2 0.063 
0.28 6.617 =-03162 0.214 0.146 1.767 0.088 
0.32 RDF 7 -0.543 0.296 0.166 1.921 0.117 
0.36 9.097 =18 241 0.434 0.5479 22043 0.158 
0.40 10.432 -1.994 0.607 0.195 2).332 0.205 
0.44 11.881 -2.912 0.832 0.205 2.607 0.261 
0.48 12.910 -3.829 14330 0.206 2.946 0.327 
252 142023 -4.897 1473 0.207 33333 0.401 
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Table 20. Coefficients for calculating imposed HPV's from those 
calculated using Equation 8 (p. 22), HPVT, or Equation 9 (p. 23), 
HPVA, at t = 60 and 120 s with glass or brass sensors spaced (-0.5, 
0,1.0 cm). (Use Table 19 with Teflon sensors in this configuration.) 


HPVC = a + b(HPVA or T) + c(HPVA or T)2, 


Wound HPVA or HPVT 3 to 30 cm/h HPVA. O to 6 cm/h 
cm a b c a b Cc 

0.16 0.392 12356 0.036 0.444 ae 0.029 
0.20 0.807 1.203 0.058 0.465 1.396 O037 
0.24 1.184 L072 0.087 0.495 1.487 0.046 
0.28 Pool 0.964 0.124 Ue503 1.604 0.056 
0..32 L376 0.879 0.169 0.580 1.747 0.068 
0.36 2.090 0.818 O.221 0.634 1.916 0.082 
0.40 DNs, 0.779 0.281 0.697 2 le) 0.098 
0.44 2< 506 0.764 0.349 0.769 7 Bees Yo ti | OPTS 
0.48 2.658 Des ae 0.424 0.848 7 ts W BF 0.134 
Oe az Ze eZ 0.802 0.507 0.936 2.850 0.154 
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E. Temperature values can be obtained from the recorded traces 
at any time intervals, but the equations given in Table 19 are 
valid only with temperature data taken at 60, 120 and 180 s. 
Sap conducting area 

The portion of the xylem defined by the depth at an abrupt 
decrease in moisture content or change in color is considered 
as conducting sapwood. This depth should be determined in a 
standing tree, as the average from at least 4 increment borings 
taken 30 to 40 cm above and below the sensors, or if the tree 
is felled and the wood near the sensors can be excised, the 
average of the actual depths at each sensor. 
Moisture content 

In trees not subjected to significant drought stress (BP 
between -0.3 to -0.6 MPa), moisture content can be determined 
gravimetrically from 6 to 8 increment cores taken near dawn 
(XPP at maximum for the day) at the beginning and end of each 
installation's 10 day sensor use limit. Moisture content may 
also be inferred from the longitudinal thermal diffusivity measure- 
ments if wood basic density is obtained or can be estimated. 
If this is done, the p} used should be the average of that ob- 
tained from the up and downstream sensors. The Mew(p! ,Pb) tech- 
nique remains to be proven even though it was used in the poto- 
meter experiments reported in Chapter V with moderate to excellent 
results. 

If heat pulse velocity measurements and sap flow calculations 


are to be carried out over extended time and a significant change 
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in BP (from -0.4 to -1.0 MPa), then moisture contents should 

be determined periodically throughout the experiment. I do 

not trust the moisture content values obtained from increment 

borings from trees at low XPP's (-1.0 to -2.0 MPa) (Swanson 

1970a), although Waring and Running (1978) and Waring and Roberts 

(1979) apparently do not share my concern in this regard. I 

feel that calculation of moisture contents from the Dp: and Pb 

measurements is a useful approach even though this technique 

is unproven. Gamma aeenuaitee (Rothwell 1974, Edwards 1980) 

or capacitance (Swanson 1966) are nondestructive, but also unprov- 

en, alternatives to the increment core method for determining 

moisture content. 

HPV sampling guidelines 

1) All of the sensors should be ee in the sap conducting 
sapwood. There is no flow in heartwood or discolored wood; 
HPV's measured there are due to radial conduction of heat 
from the temperature pulse advancing longitudinally in 
the sapwood. 

2) HPV measurements at a given point may be taken as frequently 
as once every 30 minutes without interference from the 
prior heat pulse. In general it is not necessary to sample 
this frequently. One measurement each hour from all sensors 
is the most frequent that I have used. This was more than 
adequate to describe the time rate of change of HPV under 
the rapidly changing "square wave" light regime of a control- 


led environment chamber. 
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HPV probe sets should not be installed within 4 cm (lateral- 
ly) of each other in order to avoid temperature interference 
from the heat pulses. Neither should they be installed 
within 10 cm (direct line above or below) of each other 
in order to avoid interference from the wounded tissue 
that usually extends several centimeters above and below 
each probe set. 
The spatial variation in HPV from point to point in the 
xylem of healthy and unstressed trees is assumed to be 
less than in those subjected to disease or stress. The 
number of HPV probes sets that should be installed in an 
unstressed individual tree is 8 to 12, i.e. 2 to 3 at the 
center of each of the toroidal areas defined by dividing 
the sapwood radius into 4 equal length segments. A similiar 
number and arrangement of probe sets should be used to 
sample a plot of unstressed trees: i.e. one probe set in 
each tree; 3 trees with probes centered in each of the 
4 toroidal areas for a total of 12 trees per plot (Swanson 
1970b). 

The number of HPV probe sets that should be installed 
in a stressed tree is 1 Teflon sensor set for each 1 oma 
of sapwood or 1 glass (or brass) sensor set for each 2 cm” 
of sapwood. For example, a 20 cm dib tree with 1.5 cm 
wide sapwood would require 30 glass (or brass) or 60 Teflon 
sensor sets to insure full areal coverage. 
It is better to err towards too many probe sets than too 


few. One can always discard data not required but he cannot 
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generate that not taken. Sampling programs in studies 
conducted subsequent to an initial one can be modified 
downward if the results indicate that the initial one was 


too dense. 


SUMMARY AND CONCLUSIONS 

Theoretical 

Idealized heat transfer theory describing the velocity 
of a heat pulse as propagated through gupacda by conduction 
through the wood and sap substance and convection by moving 
Sap streams with implanted line heat source and point temperature 
sensors (Marshall 1958), is not directly applicable to the measure- 
ment of sap flux in coniferous or diffuse porous woods. The 
idealized theory does not account for the effect of nonconvecting 
wood in the plane of the implanted probes that necessarily results 
from the interruption of flow elements, the effects of probe 
materials with differing thermal properties than the 3-dimension- 
ally anisotropic wood, nor the normal variation in wood thermal 
properties that exists at stem tissue borders such as bark/sapwood 
and sapwood/heartwood. | 

The 3-dimensional partial differential equation for heat 
transfer by coupled conduction and convection can be solved 
numerically for specific stem tissue’ and heat pulse probe implant 
situations. Two 2-dimensional finite difference aumerseal models, 
one in the tangential-longitudinal plane and the other in the 


radial-longitudinal plane were successfully used to explain 
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most of the observed departures between practical application 
and idealized theory. 

The tangential-longitudinal model was used to simulate 
the effect of nonconvecting (wound) material in the plane of 
the sensors. Simulations with wounds from 0.04 to 0.52 cm wide 
and imposed heat pulse velocities (HPV's) from 0 to 60 cm ca 
indicated that significant departure from the idealized case 
occurs at 0.04 cm and at the width of practically-sized heat 
pulse probes (0.16 cm diameter), calculated values are approx- 
imately 50% of those imposed. 

The radial-longitudinal model was used to simulate the 
effects of bark/sapwood and sapwood/heartwood in radial cross 
sections with sapwoods of 1, 2 and 3 cm wide, imposed HPV's 
0 to 60 cm nk Single sensor measurement and analysis techniques 
are shown to be virtually useless at imposed HPV's 0 to 20 cm beis 
especially near either of the tissue borders. Both symmetrically 
and asymmetrically spaced two sensor measurement and analysis 
techniques were usable at imposed HPV's 0 to 60 cm nt at locations 
in the sapwood greater than 1 cm from the sapwood/heartwood 
border. Within 1 cm of this border, both of the two sensor 
techniques, HPVA and HPVS, were usable at imposed HPV's 0 to 
30 cm Dau with the symmetrically spaced HPVS somewhat superior 
at HPV = 0. 

Experimental 


Experimental results indicated that wound width (W) in the 


plane of the implanted probes was the major source of departure of 
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practice from idealized theory. In a Pinus radiata, calculated 
transpiration from idealized theory was 49% of actual (by lysi- 
metery), but with a numerically derived correction equation 

at W = 0.20 cm, calclulated transpiration was 103% of actual. 
In a diffuse porous hardwood (Nothofagus solandri var cliffort- 
ioides), calculated transpiration from idealized theory was 

26% of actual (by cuvette), but with numerically derived correction 
equation at measured wound = 0.48 cm, calculated transpiration 
was 110% of actual. Similiar results were chiens in Pinus 
halepensis, Picea glauca, Populus tremuloides and Betula papy- 
rifera. 

Stem tissue borders are important sources of departure 
from idealized theory with single sensor measurement and analysis 
techniques. HPV's measured with a single sensor showed little 
or no correlation with HPV's determined with two-sensor symmetrical 
or asymmetrical configurations in the 1 to 1.5 cm wide sapwoods 
of 4 diffuse porous hardwood potometer experiments. 

High thermal conductivity HPV sensor materials cause some 
departure from "no material" numerical solutions with all physical 
arrangements and analyses techniques. Longitudinal thermal 
diffusivity measured at HPV = 0 with glass sensors at 0.48 cm 
upstream from the heater are in error by aproximately -20Z to 
0%; the errors with comparable sensors at 0.96 cm are -10 to 
6Zoand$ ate] .44 cemsn —4)t0 64. 

Heat pulse velocities determined within 1 cm on either 


side of the sapwood/heartwood border are underestimates on the 
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sapwood side, overestimates on the heartwood side. Rod-shaped 
high thermal conductivity sensors tend to integrate HPV across 
the sapwood/heartwood border and over a greater area of xylem 
than bead-shaped sensors. This integration may prove advantageous 
in transpiration measurement but is a disadvantage in determining 
the physical characteristics of xylem sap flow. 

Wood moisture content may be dynamically and nondestructively 
determined from longitudinal thermal diffusivity measurements 
and basic wood density. A limited test of the feasibility and 
accuracy of such determinations indicated that calculated and 
actual moisture contents over the range 12 to 150%, oven dry 
weight basis, were closely correlated, R? = 0.81, with a standard 


error of estimate of 16%. 


The numerical and experimental results indicate that solutions 


results with the implanted line source heat pulse method. When 


estimates of sap flow and transpiration. I have given solutions 
for a suggested standard configuration of 0.16 cm diameter sensors 
symmetrically spaced 1 cm up and downstream from a similiar 
diameter heater, which is suitable for use in most coniferous 

and diffuse porous hardwoods with a sapwood radius greater than 

1 to 1.5 cm. I have also included solutions for the same heat 
pulse probes in the two sensor, asymmetric 0.5 cm upstream, 


1.0 cm downstream sensor, configuration that has been used in 


much of the previous heat pulse velocity work. 
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APPENDIX A 
PLANE HEAT SOURCE GEOMETRY EQUATIONS 

The analytical solutions to Equation 1 (p. 18) for a plane 
heat source geometry, contains a square root term in the denom- 
inator of the nonexponential term that alters the forms of 
the working solutions from those for the line heat source geo- 
metry. The working equations listed below are for use in heat 
pulse studies in which the plane heat source geometry is used. 

None of the simulations done in this report were intended 
to approximate plane heat source geometry. However, there 
is no tangential heat exchange in the radial-longitudinal model. 
Because of this lack of tangential heat exchange, the RLM rep- 
resents a slice where both the sensors and the heater are infinit- 
ely wide and the plane heat source equations must be used to 
obtain solutions from the temperature field generated with 
this model. 
1. Plane heat source geometry analytical equation comparable 


to Equation 3 (p. 19), (Carslaw and Jaeger 1959, Closs 1958). 
5 2 Oo 
T = Q/(4nDt) “exp- [c - HPVt) jeot| c (3a) 


Where all symbols are as defined in Chapter 2 (p. 19). 
Bs Plane heat source geometry working equation comparable 
to Equation 4 (p. 19 ¥2 


=1 


1 
= 3 * 
HPVM = r ce 29R, talk, )/tjegtgin(R, /R,)| cm s (4a) 


S 


to eared: ett ney eat aise we 
“09g Sd1u62 “fond ontt ‘a bon i ones 
‘seed ni ou 408 ee “ Ag 
ere ren sown dnad eats ot fib nk 


babneini ersw 130q9% abit mk snob ano sstuats pee ae 


e1oii ,ravewoR .ytdoaosg ao1008 saad aT osk i oyage 

.Isbow lenibot tgnoli~letbaxt ot ak agnindoxs dusd Isto o 
“qx Min set 1 CARRS sod Iotsaagees) to Lak: ald te her 
-Jinitei ove zetasd of2 has ceria sd dood pxoty) oo 
o2 baqa sd acm anoktaups chase dant cong tnt « 

dae bots roneg bier? smuaereqasd os poh 


5 \ F 


pet 


- =) ae 


oideisqmes nokisuge, {eotsyfecs wxideneee resaoe jsod a4 
< Be 
(B20t vaold 08H aagast Dns wake) L 4) £ a0} 7 i. 


toe) ot fray — . 


mn 
Wee 
a 


(Ok .g) 2 es. 26 97s ies ail 
eldsrsaqimes solsaupe gaiszov UNIsaosg soups sass 9 
‘i i (OE 7) oe 


Where R, = T te/T tes Ry = yes/t te 
Note that the only difference between Equations 4a and 4, 5a 
and 5, is the inclusion of the tb in the equations for Ra 
3. Plane heat source working equivalent to Equation 5 (p. 
21)% 


— Seta 2 -1 
D = 0.5(t, t,) a /t t,t,1n(R,/R,) cm” s (5a) 


This diffusivity equation (Eq. 5a) must be used to obtain the 
"D" used in Equations 6a and 7a below. 

4. Plane heat source working equivalent to Equation 6 (p. 
25) 


HPVS = (D/r)1ln(Td/Tu) cm a (6a) 


Note that Equation 6a is identical to 6 except for the source 
of the "D" value. 

5% Plane heat source working equivalent to Equation 7 (p. 
22). 


1 — 
EVE ish setempt py*/ pana ess} 


(7a) 
Note 2D in 7a vice 4D in Equation 7. 
Both Equations 8 and 9 are identical in either the plane 
or line heat source geometry. They are repeated here simply 
to complete the set of working equations. 


(Xu + Xd)/2tz cm ae (8a) 


HPVT 


-] 
HPVA (Xu+Xd)(t, Ins -t InS,)/2t,t,1n(s,/S,) cm s (9a) 
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APPENDIX B 
ENVIRONMENTAL CHAMBERS, UNIVERSITY OF ALBERTA 
Dimensions 


Height On 22¢ m 


Depth 3.71m 
Width 2.34 m 
Door: 

Width 0.96 m 


Height 2.84 m 
Environmental capabilities 
Air Temperature 


-5 to 50 °C lights off 
5 to 50 °C lights on 


Humidity 
at AT = 35 °C, 20 to 80% RH 
= 16 50% 
= 5 85% 


Manufactured by 


Environmental Growth Chambers 
P.O. Box 407 
Chagrin Falls, Ohio 


Table 21. Light intensity (PhAR) at mid canopy level. 


Lighting combination 


1/3 Fluorescent 

2/3 Fluorescent 

Full Fluorescent 

Full Fluorescent + Multivapour 

Full Fluorescent + Lumalux 

Full Fluorescent + Lumalux + Multivapour 
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APPENDIX C 
WHITE SPRUCE LYSIMETER EXPERIMENTS 

Strictly speaking, these were not trees in lysimeters; merely 
large potted plants. The weighing device was based on the weighing 
lysimeter design by McIlroy (1975) and I continued to use the term 
lysimeter. McIlroy (personal communication) refered to the construction 
as being similiar to a large "Mechano" set. Mine certainly had an 
"Erector" or "Mechano" set appearance as they were constructed from 
readily available industrial shelving support material. The general 
details of construction are shown in Figure 46. The circled areas 
(Fig. 46) contain the pivot points for the balance, and these should 
be as free of friction as possible. Initial balancing was done by 
casting an initial balancing weight (of lead) that was slightly greater 
than needed to balance the potted tree. Fine balance was acheived 
by adding water to a container attached to the tree container. The 
zero position of the off balance indicator arm was marked on the ver- 
tical support. As evapotranspiration occured, balance was restored 
by adding sufficient water to the counter weight container to restore 
the pointer to zero. The leads to the HPV probes were a source of 
friecian so that counter weight added was not exactly equal to ET 
loss (Fig. 47). Also some evaporation occured directly from the soil 
and pot, even though plastic covered. A measure of pot evaporation 
at various light intensities was obtained at the end of the experiment. 
The average value of pot evaporation at each light intensity (Table 
22) was subtracted from the periodic weight loss measurements to obtain 


transpiration. 
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Side view 


Main support 


clamp bar 


5 
lever arm ohcayvess aee fs 


Weighing 


platform 


End view 


Figure 46. "Lysimeter" construction details. The dimensions are 
not critical and were as needed to accomodate the hardware that 
was available locally. The clamp bars were 1.25 x 0.50 inch steel 
bar stock, the lever arms 0.75 inch iron pipe with 45 elbows and 
short nipples to connect to the clamp bars. The initial balance 


weight needed was determined with a spring scale before casting 
it from plumbers lead. 
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Figure 47. Lysimeter calibration curve. Least squares fitting, 
counter weight added (CWA) versus actual weight loss TR(WL), grams, 
with all HPV probe leads attached to tree. TR(WL) = 40.6 + 0.88(CWA), 


R- = 0.9818, s = 54 g. 


Table 22. Evaporation from lysimeter container alone, no tree, all 
HPV probe leads removed. AT = 20 to 25 en 


Light Intensity (PhAR) Evaporation 
W ae g is 
0 . Droid 
64 5.4 
106 vOe2 
170 lele::0 
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Table 23. Schedule of events white spruce lysimeter experiments. 
Lights on 0900 - 2100, chamber dark 2100 - 0900. 


Date 
DA/MO/YR 


28/06/78 
29/06/78 
30/06/78 
01/07/78 
02/07/78 
03/07/78 
07/07/78 
08/07/78 
09/07/78 
10/07/78 
14/07/78 
15/07/78 
16/07/78 
.17/07/78 
21/07/78 
22/07/78 
23/07/78 
24/07/78 
28/07/78 
29/07/78 
30/07/78 
31/07/78 
04/08/78 
05/08/78 
06/08/78 
07/08/78 
11/08/78 
12/08/78 
13/08/78 
14/08/78 
18/08/78 
19/08/78 
20/08/78 


27/08/78 
03/09/78 
04/09/78 


Julian Date LI(PhAR) 


JD 


179 
180 
181 
182 
183 
184 
188 
189 
190 
em 
bg 
196 
197 
198 
202 
203 
204 
205 
209 
210 
Zi 
212 
216 
2 
218 
219 
225 
224 
22D 
226 
230 
ao 
282 


239 
246 
247 


Wm 
170 12 
170 No 
64 12 
106 2 
170 12 
64 No 
64 12 
106 12 
170 12 
170 No 
64 12 
106 12 
170 12 
106 No 
170 2 
170 12 
170 12 
64 No 
L7Q 72 
170 12 
170 12 
170 No 
LO 12 
170 12 
170 12 
170 No 
170 12 
170 12 
170 We 
E70 No 
170 LRP 
170 12 
170 12 


Activity 


hour shakedown run 
HPV data 

hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 188 
hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 195 
hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 202 
hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 209 
hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 216 
hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 223 
hour reading schedule 
hour reading schedule 
hour reading schedule 
HPV data until JD 230 
hour reading schedule 
hour reading schedule 
hour reading schedule 


trees 
trees 
trees 


trees 
trees 
trees 


trees 
trees 
trees 


trees 
trees 
trees 


trees 
trees 
trees 


trees 
trees 
trees 


trees 
ERees 
trees 


trees 
trees 
trees 


No HPV data until JD 239. Start chamber 
BOO9-3; This chamber held at 5°C since 
Meeoluilio 76. PLT Ga) Wime \( BRAK). 00 =" 05 


daily. Change to AT = 


Wome apo) 21 


170 
170 
170 


daily. 


D5 °C aL = 10 


12 hour reading schedule trees 
12 hour reading schedule trees 
12 hour reading schedule trees 


PG1, 
rou, 
PG1, 


pci. 
PG)" 
POL. 


PCl, 
PG, 
PG1, 


PC], 
PG1, 
PGl, 


PGl, 
PCl, 


Pcl, 
PG, 
PG1, 


PG1, 
PG1, 
PG1, 


PGl, 
PGl, 


PG3, 
PG3, 
PG3, 
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PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG2 
PG2 
PG2 


PG4 
PG4 
PG4 
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Table 24; 


Period 


0800-0900 
0900-0930 
0930-1000 
1000-1030 
1030-1100 
1100-1200 
1200-13006 
1300-1400 
1400-1430 
1430-1500 
1500-1530 
fa30=1700 
1700-1730 
1730-13830 
1830-1930 
1930-2030 
2030-2100 
2100-2130 
2130-2230 

2230 


Twelve hour reading schedule. 
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Activity 


2 * 
Read HPVT's, XPP, RL. Rebalance lysimeter at 0900 


Work HPVT data off of strip charts 
Read HPVT's 

Break 

Read HPVT's 

Work HPVT data off of strip charts 
Lunch 


Read HPVT's, XPP, RL. Rebalance lysimeter at 1300 


Work HPVT data off of strip charts 
Break 

Read HPVT's 

Work HPVT data off of strip charts 
Read HPVT's, rebalance lysimeter at 1700 
Dinner 

Read HPVT's, XPP, RL 

Work HPVT data off of strip charts 
Read HPVT, rebalance lysimeter at 2100 
Break 

Read HPVT's, XPP, RL. 


Secure for the day. 


Rebalance trees PG3 and PG4 only at 0830; other readings as 


indicated. 


a ne 


— ee th ey le 


“OOR0 js TedoutevT nding aie qe van oy 
<a hee | 3% Te sins TVqR ae 


' 2 a an Arve baa ag pe 
1 a TVaH ban a~ o 
asain qiase 96 Ito aonb TVG sxe 
i: i dosed. 


O08 | is Jamis set sonaisdst ie , TUX veo tvaH bast - 
esxads qizge 36, 2te a1sb ak ax0lt 2 

A “eros, bie: 

exvano Gitte ha Yo stth’ rie seit 

OOM 3a Yotowsegs sampiadss «® tian bao 


oT , T9% ore seni 


ab odd x02 S988 


Fi 


a a lll 


sbetaoibni os agnibaen yedjo sotk0 $6; sine ana << coq w9d39. 


2 


Table 25. 


brass. 


Sensor 


No. 


109 
110 
ERD 
112 
113 
114 
115 
116 
117 
118 
BIS 
120 
Zk 
122 
123 
124 


Date Inst 
DA/MO/YR 


23/06/78 
23/06/78 
23/06/78 
23/06/78 
29/06/78 
29/06/78 
29/06/78 
29/06/78 
02/08/78 
02/08/78 
02/08/78 
02/08/78 
21/10/78 
21/10/78 
21/10/78 
21/10/78 


Xu 


cm 


Xd 


cm cm 


1.00 
0.98 
0.99 
1.01 
1.00 
0.96 
1.00 
1.00 
1.00 
1.00 
0.97 
1.00 
0.98 
Oe 9 
1.00 
0.94 


1.00 
1.25 
1.50 
2.00 
0.75 
1.00 
1.25 
4,50 
0.75 
1.00 
B25 
1.50 
0.75 
1.00 
L225 
1.50 


SWT 


lg 


OFM OOF OF FH BH HRB BP He 
WONWOWWOWANONK OO KH KK 


* Sensor used in TR calculations even 


Table 26. 


brass. 


Sensor 


No. 


201 
202 
203 
204 
207 
208 
209 
210 
211 
212 
wig 
214 
Pa Os 
216 
217 
218 


Date Inst 
DA/MO/YR 


23/06/78 
23/06/78 
23/06/78 
23/06/78 
29/06/78 
29/06/78 
29/06/78 
29/06/78 
02/08/78 
02/08/78 
02/08/78 
02/08/78 
27/11/78 
27741178 
27/11/78 
27/11/78 


Xu 


cm 


-0.46 
-0.50 
-0.50 


-0.41 
=0.50 
=0.49 
—0.47 
-0.50 
=O. 


Xd d 


cm cm 


1.00 0.75 
1.00 1.00 
OS DoI0 
-00 2.00 
-00 0.275 
-00 1.00 
-00' 1.50 
«96 2.00 
«92 Q 

99) I 

-O0- 4 

«99k 

0.98 
0.95 
MeO ede 22 
0.98 


OrFOOOrFRrFP FE Fe 


fe) 
=] 


et St OOO OK KE Ee 
RKrRKHODOdDOOFRFNUWOUWOWWO He ke £- 


* Sensor used in TR calculations even 


3-90 
5.90 
5.90 


though slightly in heartwood. 


dib 
cm 


6.24 
6.24 
6.24 
6.24 
5.10 
5.20 
5.10 
5.10 
5.07 
5.17 
Secs, 
Dell 
4.84 
4.84 
4.84 
4.84 


though slightly in heartwood. 


In 
In 
In 


In 
In 


In 


In 


in 
In 


bin 


In 
iba! 


In 
19) 
In 


In 
In 


Non functional 


In 


HPV instrumentation installed in white spruce tree PGl. 
Sensors were 0.16 cm diameter glass rod; heater was 0.16 cm diameter 


Remarks 


ts 
heartwood 
heartwood 
heartwood 


heartwood 
heartwood 


heartwood 
heartwood 


* 
heartwood 
heartwood 
heartwood 


HPV instrumentation installed in white spruce tree PG2. 
Sensors were 0.16 cm diameter glass rod; heater was 0.16 cm diameter 


Remarks 


heartwood 
heartwood 


* 
heartwood 


heartwood 
heartwood 


heartwood 
heartwood 


heartwood 
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Table 27. 

brass. 

Sensor Date Inst 
No. DA/MO/YR 
305 24/08/78 
306 24/08/78 
307 24/08/78 
308 24/08/78 
309 24/08/78 
310 24/08/78 
311 24/08/78 
Si2 24/08/78 
a13 24/08/78 
314 24/08/78 
315 24/08/78 
316 24/08/78 

Table 28. 

brass. 

Sensor Date Inst 
No. DA/MO/YR 
405 24/08/78 
406 24/08/78 
407 24/08/78 
408 24/08/78 
409 24/08/78 
410 24/08/78 
411 24/08/78 
412 24/08/78 
413 24/08/78 
414 24/08/78 
415 24/08/78 
416 24/08/78 


Xu 


Xu 


<i); 
=U. 
=O 
0" 
ae 
Oe 
=O. 
af Us 
=(). 
=0'. 
=O 
-Q. 


cm 


cm 


Xd 


Xd 


HPV instrumentation installed 
Sensors were 0.16 cm diameter glass rod; 
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He H OF KF EF OF 
n 
(=) 


cm 


SWI dib 

cm cm 

lee 18 
1.425 18 
1325 18 
1-425 18 
1.04 4.83 


— 
(=) 
12S 

Se Se a a a a OOO 
[e 6) 
Uo 


SWT dib 


cm 


bo42 5.01 
1.42 5.8! 
£.42°5..6) 
1.42 5.81 
1.19 4.80 
1.19 4.80 
1.19 4.80 
Pog 
1.08 
1.08 
1.08 
1.08 


FH Heyl 
oO 
~s 


A 
n 


cm 


19.6 
Lois 
19. 


ov ON 


1335 
1335 


In 


In 
In 


In 
In 


Cracked sensor 


In 


In 
In 


In 
In 


HPV instrumentation installed in white spruce tree PG3. 
Sensors were 0.16 cm diameter glass rod; heater was 0.16 cm diameter 


Remarks 


heartwood 


heartwood 
heartwood 


heartwood 
heartwood 


in white spruce tree PG4. 
heater was 0.16 cm diameter 


Remarks 


heartwood 


heartwood 
heartwood 


heartwood 
heartwood 
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Table 29. Sample raw and corrected HPVT data, white spruce tree PGl. 


DATE PERIOD TR(WL) RAW HPVT cm/h HPVC(0.20) cm/h 
DA/MO/YR h-h g/h too. -Txee 1A 114 109 PTO. OU PS )—SsTS 
30/06/78 09-13 65 BS §822 ZO FS 3,3 326 3.4 164) 

13-17 40 v8. 1.8 no 3a 3:2 Ra a, 
17-21 44 Ls 1.6 2o 228 3.2 239 3.8 4.6 
01/07/78 09-13 103 ho AA Bi 529 6.9 242 S27 9.9 
13-17 62 4.0 @.5)° Git 5 £6 6.5 704 10.3. 19.4 
17-21 84 37 G2 3.5 58 6.1 6.9 9.2 8.8 
02/07/78 09-13 92 50 Sam | Od 6.0 8.3 836 10.3. 0.) 
13-17 133 5.3. Gull m6 6.3 8.8 1043 “¥3.9 0.7 
I-20; 113 50 Seb 77.6) 6.3 8.3 969 23.3 10.7 


Sample transpiration calculations 
09-13 h, 30/06/78, sap flux coefficient = 0.44(0.33 + 0.88) = 0.53 


TRKOOD) = CI9X27 5 + 2G ee 2..0KTS..6) % 3:..7005.6)00.53)/4 = 
25.8 


TR(20) = (3.3X27.5 + 3.6X25.6 + 3.4X15.6 + 6.1X15.6)(0.53)/4 = 
43.9 


Ok £0 8.8  €.8 Ce ee. ge 
(OL 8.21 2.01 8.8 (Bal ey Mla Be 
OF Eft OQ £8 “Bis oe ee 


lari st ngs anceneasiiaeeenaa A AT LON I: 


els lids > abt 
G2.0 ~ (88.0 + 6£.0980,0 4 oeetadieein xt? qe2 iain 


= W\CR2.ON2. 200.2 + DZS HO. eoRELS # @.eexert) « ‘ | 
- @,.2 


= A\(£e,9) Ca PIK( 6 © 2.29eALE + B. st = (OS)at- 
\(£2,0)4« {3 » + ts¥e AED og | 
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; ¢ 
4. 
ty: 
i 
pal ML 
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Table 30. Sample raw and corrected HPVT data, white spruce tree PG2. 


DATE PERIOD TR(WL) RAW HPVT cm/h 


DA/MO/YR  h-h g/h 201 202 207 208 


30/06/78 09-13 62 Jae 2io AG 6. 
Het] 57. 2.4 1.8 3.4 4. 
Ti=2 1 61 2.4 1.5 Zao 5 

01/07/78 09-13 90 4.4 B23 538 8. 
bo-1y 2) 4.6 O20) - 95.7 9. 
17-21 104 3.9 2.8 aa 9. 

02/07/78 09-13 96 5.4 7451 7.0 11.2 
P3-)7, F460 5.6 = 4.6 O29 Pie2 
B21) 223 5.4 4.8 7.0 PLZ 


Sample transpiration calculations 
09-13 h, 30/06/78, sap flux coefficient 


Pir OO) = (39X21 23 4 ek oe + 4 kIT. 
39.0 


TRUOO). = 105 Oke OORT SO teh XT 
65.4 


9 


eS 


HPVC(0.20) cm/h 


201 Z02 3207 
203 S452 Ties \| 
4.0 3.2 3.6 
SO 2a] 4.8 
bad th eu 
7.6 4.9 9.5 
6.4 4.6 8.8 
OO SOF 12.1 
Desk. id» O 11.9 
950) 57-9 201 


0.48(0.33 + 1.05) = 0.66 


+ 6.7X10.8)(0.66)/4 = 


+ 11.5X10.8)(0.66)/4 


ZA 


2 ibte 


5 
6 
9 


nD 


208 
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Table 31. Sample raw and corrected HPVT data, white spruce tree PG3. 


DATE PERIOD TR(WL) RAW HPVT cm/h 
DA/MO/YR START END g/h 305405306 40307 4809 310 313 314 


27/08/78 0830 2400 2.1, 4.3 BZ 6.0 4.8 8.3 4.5 
28/08/78 0000 0830 54 ok 2.9 4.0 8222 Zo 4.1 2.6 
02/09/78 0830 2400 3.1 4.9 10.2 yA | D209 RO33 (Hed 
03/09/78 0000 0830 66 0.2 3.0 4.5 9204 B.0 Ie) 2.8 
03/09/78 0830 2400 Sed 5.3 MI.0 400e3. 6,2 40° Fas 
04/09/78 0000 0830 65 1.9 ae 6.6 641 4.6 DD 80 BG 


* Values less than 2.0 cm/h solved by iterative procedure in HPV, 
120 2nd (Tu - Td) 5 o/ (Tu 
= Td), 9 with Tu, Td defined at 60, 120 and 180 s by Equation 3, 
pa. D9% 


pt, using ratios of (Tu - Td) (9/ (Tu - Td) 


DATE PERIOD TR(WL ) HPVC(0.20) cm/h 
DA/MO/YR START END g/h 305005306 60807 4309 310 313 314 


27/08/78 0830 2400 3 
28/08/78 0000 0830 54 0. 


02/09/78 0830 2400 De 
03/09/78 0000 0830 66 1 


03/09/78 0830 2400 Dis 
04/09/78 0000 0830 65 3 
Sample transpiration calculation 


0830 - 2400, 27/08/78, sap flux coefficient = 0.45(0.33 + 1.00) 


=« 02.60 
TR(OO)! = C2QL2i % 43) © 18.2) ES £4), & «(62.0 Ho GES) 012 eS 08.3 + 
4.5) (12.0)! (0.60)/7= 43.9 
TRKZO)) = GILG) + FA. HENS YS 14),  4( 00.4) 4) 7.9) G2) +H (14.8 


LRLNGCLZ.O) CO.6O)/7 = 75.4 
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aS Of OE 
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| WE) iat : 
eV9H al srebenoxg - seidageae vd buwfoa de 6.s als aeok | 
UT)\yo, CT - wT) bins ogy ~ SEP ga lVF oT) to eoitex ¢ 
.© sotitsups vd 2 O81 baw OS1 OO ae bon bab br a ain osi** ck = 
cag AD COS DIVER 
Sie EME iE afk NOE BUR SOE 
do Bot OS FOL OAR Te (BV 
co C8 BA Cl 2.8 BB PO! 
$.8 S.01 2.0 G8) ef La. he 
ad 8.8 Cd O86 [MT Bao” 
$.@ 1.18 @.08 VSP Et @.8 1.2 
a) 8 8.0 eb wehf Me | Ef 


aviontiondns rofsnaiganert 


(00.1 + €£.0920.0 © eatatiious Ault que <BT\BO\SS ,0008 - oe 
02.0 = 


+ £.8) + Cd. 91)G. 8 #1008) @ CAL eD(28 & ELA & &, c) = vies 
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Table 32. Sample raw and corrected HPVT data, white spruce tree PG4. 


DATE PERIOD TR(WL) RAW HPVT cm/h 
DA/MO/YR START END g/h 405 406 409 410 413 414 
27/08/78 0830 2400 Br Oe heG 8.8 Sa2 520 7 ee 
28/08/78 0000 0830 52 32), 092.0 0.5 0.9 256 2.9 
02/09/78 0830 2400 Si) 9.2 10.2 6.7 S25 8.3 
03/09/78 0000 0830 92 322° 9b BES Spe 3.3 32 6.3 
03/09/78 0830 2400 5d, Deb 10.4 Ta 5.4 8.7 
04/09/78 0000 0830. 80 e0 he 2 4.6 3.0 240 4.1 


* Values less than 2.0 cm/h solved by iterative procedure in HPV, 


i : 2 
D', using ratios of (Tu - Td) )/ (Tu - Td) 59 


Td) 96 with Tu, Td defined at 60, 120 and 180 s by Equation 3, 
Dayo 9s 
DATE PERIOD TR(WL ) HPVC(0.20) cm/h 

DA/MO/YR START END g/h 405 406 409 410 413 414 
27/08/78 0830 2400 6.2% 12.9 15.9 8.6 Bes 255 
28/08/78 0000 °  O830iin.52 De Sate i. 1.9 3.4 4.8 
02/09/78 0830 2400 8.5 16.8 1931 1iZ5 9.2 14.8 
03/09/78 0000 0830 92 Seo Lait 8.6 4 Salo: 2 
03/09/78 0830 2400 B28) a7 oi. 19.6) i248 APA | peat fhe IA 
04.09/78 0000 0830 80 Sic 3u 8659 7.6 4.9 a8 Car, 
Sample transpiration calculation 

0830 - 2400, 27/08/78, sap flux coefficient = 0.47(0.33 + 0.80) 


= 0.53 


PR(OO) = (3.8 + 7.4) (19.6 + (8.8 5. 2)C1305) 4205.0 4+ 
Wed C0 550), 0 eae O 


(6.224.127, 9) Gieon + 15.9 4° 8-6) (ls oy 4553 + 
1225)(12.9) (0252)/6 = 86.0 


TR(20) 


and (Tu - Td) 


120/ STB 
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APPENDIX D 


BIRCH AND POPLAR POTOMETER EXPERIMENTS 


Foliage 


HPV probes 
1to 15 odd 
Stem 
Graduated 
cooling [=> supply cylinder 
; Ske Y 
coil ae. 
Spe ‘ 
2 to 16 even 
Main water 


supply cylinder 


valve 


UG 


Figure 48. Sketch of potometer; physical placement of HPV probes 
and means of determining water uptake. Uptake could have been deter- 
mined directly from graduations on the main supply cylinder if cali- 
brated for each different stem volume. With the arrangement shown, 
the water needed to restore the original level in the main supply 
cylinder was read from the graduated cylinder, aproximately 28 mL/cm. 
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Table 33. 
Julian day 
1981 


098 


118 


124 


126 


134 


142 


143 


149 


150 


1 


160 


161 


162 


164 


Date 
DA/MO/YR 


08/04/81 
28/04/81 
04/05/81 


06/05/81 


14/05/81 


22/05/81 


23/05/81 


29/05/81 


30/05/81 
02/06/81 


09/06/81 


10/06/81 


11/06/81 


13/06/81 
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Schedule of events, hardwood potometers. 


Activity 


to 24/04/81 
Cut dormant birch and poplars. Placed in cold 
room BOO9-2 at 2.5 Aes total darkness. 


Started test of leaf out procedure on one birch 
and one poplar. Moved stems into chamber at 
25 °c, lights 170 Wm ~ (PhAR), 0900 - 0300. 


Both test stems fully leafed out. 


to 14/05/81 
Trial stem freezing, etc., with leafed out stems. 


Tree BP1 into warm chamber for leaf out. 


BP1 fully leafed out, instrumented with Teflon 
HPV sensors 2101 - 2116 (Table 34). 


to 29/05/81 


Pre-freezing HPV, TR, tree BPl; chamber conditions 
AT = 25°C, RH aproximately 40%, LI 170 W ae 


(PhAR), 0900 - 2100, dark 2100 - 0900. 
Stem freezing treatment tree BP], 0850 - 2200. 


to 02/06/81 
Post freezing HPV, TR, tree BPl. 


Tree BP2 brought into warm chamber for leaf 


out 
Tree BP2 fully leafed out. 


1. Installed HPV sensors 2201 - 2216 in tree 
BP2, (Table 35). 

2. Sectioned tree BPl to get Mgw, Wound data. 
3. Brought tree PT] into warm chamber for leaf 
out. 


to 13/06/81 
Pre-freezing HPV, TR, tree BP2; chamber conditions 


as for tree BP]. 


Stem freezing treatment tree BP2. 
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Table 33. Continued. 


165 


168 


168 


170 


171 


Wa 


178 


180 


181 


184 


192 


14/06/81 


17/06/81 


17/06/81 


19/06/81 


20/06/81 


26/06/81 


27/06/81 


29/06/81 


30/06/81 


03/07/81 


11/07/81 
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to 16/06/81 
Post freezing HPV, TR data, tree BP2. 


1. Instrument tree PTl with sensors 1101 - 1116 
(Table 36). 

2. Section tree BP2 to ascertain Mgw, W. 

3. Bring tree PT2 in to warm chamber for leaf 
out. 


to 19/06/81 
Pre-freezing HPV, TR, tree PT1; chamber conditions 
same as tree BPl. 


Stem freezing treatment tree PT1, 1200 - 2200. 


to 23/06/81 
Post freezing HPV, TR, tree PTl. 


1. Section tree PTl] to ascertain Mgw and W. 

2. Instrument tree PT2 with sensors 1201] - 1216 
(Table 37). 

3. Bring tree BP3 into warm chamber for leaf 
out. 


to 29/06/81 
Pre-freezing HPV, TR, tree PT2; chamber conditions 
same as tree BPl. 


Stem freezing treatment tree PT2, 0800 - 1700. 


to 03/07/81 
Post freezing HPV, TR, tree PT2. 


Secured tree PT2 experiment, sectioned stem 
to obtain Mgw and wound. 


No sign of leaves on tree BP3. Stems apparently 
dried out while in the cold room. No further 
potometer runs attempted. 


END OF POTOMETER EXPERIMENTS 
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Table 34. HPV instrumentation installed in birch potometer tree BPl. 
Sensors were 0.16 cm diameter Teflon with glass bead thermistor; heater 
was 0.16 cm diameter brass. Installed 22 May 1981. Odd numbered sensors 
above freeze block, even numbered sensors below. 


SENSOR Xu Xd d SWT dib A W POSITION EQUATION 


No cm cm cm cm cm cm cm a b ¢c 


2401 =0:50 0.98 
7102 =0.p0 6.99 
2103 =0.50 0,97 
2104 -0.46 1.01 


2105 =0.50 0.91 1.3 1.40 3.89 1.58 ©.36 =,.306 1.890 -.024 
2106 =0.49 1.00 0.8 1,48 4.40 12,305 ©@,;30 =3;261 1,173 =-,007 
2107 60269 1.00 0.8 2:40 3.169 9.57 ©2230 6,292 1,202 6.008 
2108 =-O0.47 0.92 1.3 1.48 4.40 Z2p> 0.28 6,210 1,653 ¢,021 
2209 -=0:49 0.99 0.8 1.40 3.89 9.87 ©0:36 =.292 1,202 =-,008 
Wd) =0.44 2,01 D.8 1548: 2.40 #3505 0:20 =;261 1,378 —,007 
2111 0.49 0.95 1.3 4,40 3.89 t.58 0.40 =,606 1.890 -,024 
e142 20.50 , 0.96 1.3 1,68 -6,40 2p). O-25 =,214 1,602 024 
2ng3 | =0,49 &.00 0.8 1.40 3,39 9.37 O24 =.292 1.202 =-..008 
2114 =0,47 °1.02 0.8 1,48 4,60 11.05 0:26 =-,261 1.175 =-+.007 
e415 <=0.50 0.96 1,3 1,40 9,69 i-Dpe @530 6.606 91,890 &,.0246 
2116 6860548 1.00 1.3 1.48 4.40 7-05 0,26 3.214 '2,65t 3.023 


Average wound width = 0.30 cm 
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Table 35. HPV instrumentation installed in birch potometer tree BP2. 
Sensors were 0.16 cm diameter Teflon with glass bead thermistor; heater 
was 0.16 cm diameter brass. Installed 10 June 1981. Odd numbered 
sensors above freeze block, even numbered sensors below. 


SENSOR Xu Xd d SWT dib A W POSITION EQUATION 


No cm cm cm cm cm cm cm a b c 


2201 =O.47 U2 90 0. 
Zeue § ~-O-47 - 0296 0. 
z205 —-0.293 0298 0 
ze0e  =O296 0291 0 


e203. | 0-50 O794 1 
e20G  ~Os50. 0295 1. 
2207.) -Us93 0:93 Hi 
2200 — -0:92 0:96 1 


Zeus, —O249 0299 Oeg. theGe 3656 OmOUn User) “e275  Teigu °—.007 
Zero.) (-0749 - 0-96 UTS jateaOyaese era) (O220, ozs (Feioo. — S007 
Zeer SO5 90: - Os 97. Oro) i672. S796 Grou iOe2. =. Ure le io2: | =. 00e 
gene —O295°), 0295 Oro reaU ates 106s) oO. -c0r7e 7 TSlg2 2004 


Zane ~UeGo Bros Po Teas. coes0 Leto Reece een eT Os) 6 025 
Zone 6 —-Os5G Uso) bes beeG e532 2e0On (eel —<2 IH. Leroo. -~,U23 
2295) 0 O98 «6596 Pio Pee2 Sas yo tefo Ores. 0.014 "Too. =U. 00! 
Zero ~-Us9n “0597 123.  TeeO) 52 2206 0.20) (0, 014" To5o. 0.001 


Average wound width = 0.23 cm 
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Table 36. HPV instrumentation installed in poplar potometer tree 

PT1. Sensors were 0.16 cm diameter Teflon with glass bead thermistor; 
heater was 0.16 cm diameter brass. Installed 17 June 1981. Odd numbered 
sensors above freeze block, even numbered sensors below. 


SENSOR Xu -Xd—~—S*~S~SCSWT TDA, WW ~POSTTTON EQUATION — 
No cm cm _cm cm cm cm cm a b c 
1101 -0.50 0.92 0,8* 00,95 3.42 204 0.22 =,G/77 1,704. =.020 
1102 -0.50 0.92 0.6 1,88 8,88 3022 ©@.22 =—.654 1.422 =,.046 
1103 -0.95 0.95 0.8 0.95" 8,42 2404 0.23 0,044 1,468 06,018 
1104 =0.95 0.97 0.8 1.08 38.88 3622 0,22 0.022 1,320 0,006 
1105 -0.45 0.99 0.8 0,95 8.42 4.96 0.24 -.549 1.271 -.010 
1106 -0.51 0.91 6.8 1,48. 42.88 574 0.26 460 1.191 -.003 
1107 0.97 0.95 0:8 0.95 6,42 4596 0.22 .0,012 1,221 -.001 
1108 -0.98 0.91 0,8 1.88 3.88 5474 0.20 020 1.148 -.001 
1109 -0.46 0.99 O78 0.95 (36.42 2404 0.28 =—-.977 1.704 =-,.020 
1110 -0.46 0.98 0.8 1.86 2.88 3.22 0,22 -.654 1,422 -,016 
eae -0.94 0.98 0.8 6.95 6.42 2204 0.24 0.044 1.668 0,018 
24412 -0.95 0.98 0.6 1,42- 3.88 3222 8.23 0.022 1.820 . 0,004 
1113 -0.46 0.93 1.3 0.95 6,42 -- 0.22 In heartwood 
1114 -0.49 0.97 te3 1.88 8.88 -- 0.25 In heartwood 
1415 -0.99 0.95 153 0,98 °3.42 -- 0.26 In heartwood 
1116 -0.96 0.98 : ie ee DR ee -- 0.22 In heartwood 


Average wound width = 0.23 cm 
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Table 37. HPV instrumentation installed in poplar potometer tree 

PT2. Sensors were 0.16 cm diameter Teflon with glass bead thermistor; 
heater was 0.16 cm diameter brass. Installed 26 June 1981. Odd numbered 
sensors above freeze block, even numbered sensors below. 


SENSOR Xu Xd d SWT dib a4. W POSITION EQUATION 
No cm cm _cm cm cm cm cm a b c 
1201 -0.50 0.95 OQ e3rerL . 20-—4+55--"3:..69 ae = 417-9) . 559-0002 
1202 -0.49 0.96 Oc iat OG. 4,95. 42.04 e726 ch lg Mla sO 002 
£203 -0.99 0.94 Oats el oe nD Om a OF ae -.014 1.108 0.001 
1204 -0.96 0.98 <3 pak OCmehe I. he O4 0.30, =.0]4 21.108 .0.001 
1205 -0.50 0.95 O76 oul is COMED De ie OF O36. =. 461). 2). 214 »—. 006 
1206 -0.50 0.96 OD ents COMED De pte 20 0.20 -.461 1.214 -.006 
1207 -0.96 0.98 5.0) ul «2 umes) de ela OE elo me TOLe eel) am. OOl 
1208 -0.95 0.98 U.0: 23065 4.95. 5.26 U.20 = Ole 12175 =.001 
1209 =0.45, 0.91 Te Oe we Lets On Oa OG O.26, =.565 2.30) -—:012 
1210 -0.50 0.97 OS sabe OO An 300 20602. 56) 2). 50) 2 + 012 
21 -0.95 0.94 Doo pate 2 Oe Oe che OS Des0n 2.000 aloe os OOL 
$2712 -0.93,.10<99 Deb: sel COmm ae Oe an O0 D230, 0.006 21.251 ~-.00! 
1213 =0.50 0.99 bod: Seat cag) -- 0.20 In heartwood 
1214 -0.50 0.94 Lis 3 ok O0ue 4205 a 0.30 In heartwood 
H2y5 -0.98 0.97 fia IR a 9 hen A = oe v.20 In heartwood 
1216 -0.91 .0.99 iL sad el OG me lS -— 0.20 In heartwood 


Average wound width = 0.25 cm 
Average wound width for sensors in sapwood = 0.27 cm 
Wound marked --, accidently missed measurement. 
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Table 38. Sample data tree BPl, sensor 2103, at 0.8 cm depth, W = 
0.40 cm. Longitudinal diffusivity and moisture content at up and down- 


stream sensors, raw HPV (HPVA or HPVS, HPVM), that corrected for 
only (40), wound plus position (40P) and actual transpiration as 


sured by potometer uptake (TR). 


DATE 
DA/MO/YR 


26/05/81 


28/05/81 


29/05/81 


30/05/81 


ith, 


1200 
1400 
1600 


0800 
1000 
1100 


Freezing treatment, no HPV data 


0600 
0800 
1000 
1200 


1400 
1600 
1800 
2000 
2200 
2400 


1 


pees 


00221 
00218 
00246 


00243 
00224 
.00224 


00234 
00240 
00250 
00239 


00245 
00233 
00244 
00234 
sQ02Z1 
“00237 


aN he 


SIONS) Te) 


Downstream 


ae 


Pe 
~90 


Upstream 


pt Mew HPVA 
00195 6.82 12% 
00273. 6-67 125 
.00256 0.42 1.5 
.00244 0.48 0.0 
.00316 0.29 3.23 
.00316 0.23 3.3 
.00262 0.40 -2.0 
.00250 0.45 -2.8 
06373 6.12 6.2 
.00312 0.24 -2.1 
.00275 0.35 -1.3 
.00292 0.29 -1.1 
.00288 0.30 -1.7 
.00268 0.37 -1.9 
.00268 0.37 -0.9 
.00245 0.47 -1.9 


HPV cm/h 
(40) (40P) 
ed I 
Sek 645 
4.1 4.5 
O37 TONS 
‘Gea, O66 
Sih "966 
-3.1 -4.1 
-4.4 -5.8 
P.i 12.0 
-3.3 -4.4 
-1.9 -2.6 
-1.5 -2.1 
-2.6 -3.5 
-3.0 -3.9 
-1l.1 -1.7 
-3.0 -3.9 


wound 
mea-— 


mL/h 
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Table 39. Sample data tree BP2, sensor 2203, at 0.8 cm depth, W = 

0.40 cm. Longitudinal diffusivity and moisture content at up and down- 
stream sensors, raw HPV (HPVA or HPVS, HPVM), that corrected for wound 
only (20), wound plus position (20P) and actual transpiration as mea- 

sured by potometer uptake (TR). 


DATE Downstream Upstream HPV cm/h TR 
DA/MO/YR  h pi Mew i Mew HPVA (20) (20P) HPVM mL/h 
12/06/81 0000 .00276 0.35 00278 0.34 139 ast 3.6 12.8 
0200 .00260 0.41 00271 0.36 Les Pe 2e5 0.9 
0400 «00229: 0750 1002285 0.60 0:8 #33 %sh IP.9 
0600 .00224 0.59 00196 0.81 0.8 125 Vs5 16.2 
O$00 «00227 0.57 00216 0.64 0.4 0.7 0.8 hae] 16 
1000 .00232 0452 00260 0:40 @:4 2:3 320% 559) FO 
1200 .00231 0.54 .00239 0.50 0.8 rsd Ped 16.6 
1400 .00252 0.44 .00292 0.29 2.4 40) “4.6 i238 17 
1600 .00210 0.69 00525 0.43 3.9 667 Pet 2h az 
7900 «00202 0.75 00192 0.85 Or6 1250) 1367 262 46 
2000 «00219 0.62 00302 0.26 Dok 9.0 1045 18.6 OZ 
2200 «00205 0.73 00271 0.36 a#3 9.4 . 1048 20.6 a2 
2400 .00213 0.67 00284 0.32 eQ 1259 2463 20.1 
13/06/81 Stem freezing treatment, no HPV data 
14/06/81 0000 .00209 0.70 .00212 0.68 Pez 2.0 Las 18.6 
0200» <COZI4 0.66 .00Z35F Os55 Os7 Le2 Pe3 19.6 
0400 200227 OVS? «00225 O256 Os7 1.2 Ve3 14.9 
1000 .00246 0.47 .00242 0.49 0.4 O27 0.8 Pad 9 
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1600 .00240 0.50 .00245 0.47 0.3 0.6 0.6 14.9 4 
1800 200225 0258  <s002Z36 Os52 0.0 0.1 Oxt 16.4 8 
2000 «0025S O265 ,O00Z2FF 0:68. =O021 O70 =-O78 20.4 
2200 «00245 0247 200259 0250 Oed 0.3 04«2 P2069 
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Table 40. Sample data tree PT1, sensor 1107, at 0.3 cm depth, W = 


0.22 cm. Longitudinal diffusivity and moisture content at up and down- 
stream sensors, raw HPV (HPVA or HPVS, HPVM), that corrected for wound 
only (22), wound plus position (22P) and actual transpiration as mea- 

sured by potometer uptake (TR). 


DATE 
DA/MO/YR 


18/06/81 


19/06/81 


19/06/81 


20/06/81 


22/06/81 


0800 
1000 
1200 
1500 
1600 
1800 
2000 
2200 
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0200 
0400 
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1200 
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1000 
1200 
1400 
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1200 
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1600 
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-00178 1.02 
-OOL78? P.03 
-00186 0.92 
-00180 1.00 
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-00176 1.06 
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0021S, 0.63 
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Upstream 


0.50 
0.53 
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CODD FE WW OO 


we wor 


HPV cm/h 
C22) (22P) 
Die Bh 
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C.F 47.8 
DA 9.0 
8.5) 10.3 
S.5) O63 
P37 1.3 
8.9 10.8 
F599 Oak 
4.6 5.6 
BA 3.3 
Bom Hast 
PD Ws! 
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Table 41. Sample data tree PT2, sensor 1207, at 0.6 cm depth, W = 

0.28 cm. Longitudinal diffusivity and moisture content at up and down- 
stream sensors, raw HPV (HPVA or HPVS, HPVM), that corrected for wound 
only (28), wound plus position (28P) and actual transpiration as mea- 

sured by potometer uptake (TR). 


DATE — Downstream Upstream HPV cm/h TR 


DA/MO/YR h p! Mew p! Mew HPVA (28) (28P) HPVM mL/h 


27 KO6/8 k-+1000' f 5200202:.0.. 75:4 14002 b}en0 63 On Sie 2424si ¢28:..0 16502 57 
P2007 )s002099057 00900226. 0.565 11.0. 30.7 7 355.1 18.0 
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1600: .00214 0.66 ~200258 0.41 1229 40.0 45.4 21.5 109 
D8Q0ed. CO2L5 0. 65-5 500734) OF53: det wBF 5m 4205 20 o& i eb20 
2000 .00219 0.62 300243 0.48 12.1 ° 36.0 40.8 19.4 116 

0.52 
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0600: » 0022550258") -.00226.-0.58 3,6 Sei S25 220 
0800 .00214 0.66 .00204 0.74 3.9 8.4 9.8 10.0 33 
LOOO 2O023070055) 7200233. 0754" 1457-4 50.5), 56.5 20.9 66 
29/06/81 Stem freezing treatment, no HPV data 
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2000 «00220 1.0.61, 0 ).00225" 0.58 Bee bee A 227 biG 79 
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0600. .700208)0.71 00218 0.63 2.0 4.0 4.7 9.3 
0800 .00211 0.68 .00216 0.64 2 eZ. Ae) 592 6.6 
1O0G" 20022150761 24G0229.0. 56 924° 24.0 27:56 L745 28 
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APPENDIX E 
HEAT PULSE VELOCITY INSTRUMENTATION 

Sensor and heater construction and thermal properties 

The general details of sensor and heater construction are shown 
in Figures 49 and 50. The thermistors were not matched for resistance 
as only the offset above ambient temperature is required, and that 
in arbitrary units. 

The derived thermal properties that were used in the simulations 
are given in Table 42. The sensors and heater were considered to 
be isotropic within themselves, with the same conductivity in all 


directions. 


Table 42. Thermal properties of materials used in simulating the sensor 
materials. The thermal properties of all materials (except Teflon) 

are from Carslaw and Jaeger (1959); Teflon from Modern Plastics Encyclo- 
pedia, 1968, Volume 45, No. 14A. p. 90. 


SUBSTANCE K - C D 

cal 7 em + cca. g at cal 55 oC aa — 
Air - 00006 0013 24 ~i9 
Teflon - 0006 ae $25 0011 
Glass .0028 2.4 O52 -0058 
Aluminum -48 Pa | O22 -86 
Brass O55, as.0 - 09 gh! 
Copper - 93 &.9 09 1.14 
Glass composite ,. 203 see 33 Pi bs bs) 
Teflon composite O24 Lie ay 024 
* Glass composite 4.0% copper 96% glass 


** Teflon composite 2.94 copper 524 Teflon 45.54 air 
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Thermlstor Bead 


Completed Dla. After Glass Probe 


Heat Shrinking 1716" 


(1.59 mm) Lead Wires 


No. 28 Teflon Tubing Around 
One Lead Wire 


(a) 


Thermistor bead 
1716" Heat Shrinkable Tubing 


No. 40 copper wires 


Insulated Leads To Connection Block 


v4 


No. 28 Teflon tubing around 
one lead wire 


16 (1.59 mm) diameter heat 
shrinkable tubing 


(b) 


No. 22 lead wires to connection block 


No. 22 lead wires 


to connection block 


No. 34 copper lead 
wire 


V16' (1.59mm) diameter 
brass tubing 
No. 28 Teflon tubing 
Thermistor bead ~ 
Figure 49. Construction details of thermistor sensors. (a) Glass 


rod, thermistor Fenwall type GB41M2. (b) Teflon, thermistor Fenwall 
type GB41Jl1. (c) Brass, thermistor Fenwall type GB41L1. 
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Solder Jolnt — Allstate No.430 or Silver Solder 


No. 28 Nichrome Wire No. 16 Léads To Connection 


: Block 
Solder — Ordinary Rosin Core 


1716" Dia. Brass or Copper Tubing 


No.28 Teflon Tubing Around 


Nichrome Wire 


Joint — Allstate No. 430 or Silver Solder 


Solder 


Approximate Finished Dia. 1716" (1.59 mm) 


Figure 50. «Heater! construction details. (‘The total electrical! re- 
sistance of the heater wire varies with the length of heater construc— 
ted. The approximate resistance of the #28 AWG nichrome wire is 


0.16 ohms/cm. 
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Heat plulse velocity indicating or recording instrumentation 


Block diagrams for a single channel manual HPVT meter (Fig. 52), 
a 4-channel semi-manual HPVT recorder (Fig. 53) and a 16-channel HPVA, 
HPVS, HPVM and/or D data logger (Fig. 54) are given below. 
Sensor circuits 
Each sensor (at Xu or Xd) was arranged in a bridge circuit as 
in Figure 5la for HPVT, or Figure 5lb for HPVA, HPVS, HPVM or D. 
HPV instruments 
Separate power are (batteries) were used for the sensor 
and heater circuits to avoid propogation of the transient generated 
by the heat pulse back through to the low level temperature signal. 
A constant-current power supply maintained heat pulse current at 4 
amperes to avoid burning out the heater wire. Heat pulse magnitude 
was varied between 8 to 32 Joules by extending the heat pulse duration 
from 1 to 4 s as needed to achieve a readable temperature-rise signal. 
1) Manual instrument, HPVT (Fig. 52). Operator manually balances 
sensor output (Tu - Td) to zero, activates the heat pulse 
and watches the meter, M, for (Tu - Td) = 0 at some later 
time (tz). Elapsed time, seconds, is indicated by the counter. 
2) | Semi-manual HPVT recorder (Fig. 53). Operation as above 
except that the recorder relieves the operator of the task 
of watching the meter for tz; it is measured from the recorded 
temperature difference trace. The recorder operates at 
a chart speed of about 1 cm Se The heat pulse is actuated 
at a convenient time line on the recorder chart. The recorder 
is then set to run for 5 to 15 minutes as necessary to allow 


all 4 channel tz's to be indicated by their respective traces. 
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Sixteen channel HPVA, HPVS, HPVM or D logger (Fig. 54). 

The microprocessor is programmed to select a group of 8 
channels and then to access each channel in sequence. Xu 
and Xd are accessed 4 s apart. The initial offset from 
ambient for each sensor at t= -60 s is stored as offset 
error. This error is fed back into the input amplifier 
Aeu at each subsequent reading to maintain a constant ref- 
erence signal for all future accesses to that sensor. At 
time t = 0, the up and downstream sensors (of channel 1) 
are read and the heat pulse actuated for 1 to 4 s. This 
sequence is repeated for sensors 2, 3, etc., at 7.5 s inter- 
vals until the heat pulse has occured on all 8 channels. 
Then each set of up and downstream sensors is read at 60 s 
intervals to t = 180 s. The second (and any additional 
groups of channels up to a maximum of 64) is selected and 
the individual sensors and heaters are accessed in exactly 
the same manner. At selected intervals, the data in memory 
is transferred to a cassette tape for processing into the 
desired HPV or D values in a Hewlett Packard 9825A desk 


top computer. 
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E(Tu-Td) Eo E(xu) E(xal ae 
(a) (b) 


Figure 51. Thermistor bridge arrangements for HPVT (a) and HPVA, 
HPVS, HPVM or D (b) measurement. The sensors R, located at Xd and 
Xu are active in that they are located directly above and below 
the heater to provide the temperature difference or temperature 
rise data for the several HPV or diffusivity calculations. In (b), 
the reference sensor R ef provides a measure of ambient stem temper- 
ature, presumably unaffected by the heat pulse, to help maintain 
a constant bridge output under long term ambient temperature change. 
It should be located in the same stem as the active sensors but 
no closer than 4 to 5 cm laterally, 10 to 15 cm longitudinally, 
from any active pair. One reference sensor is sufficient for all 
of the active sensors in the same vicinity (+1 m) in the same stem. 


Resistors R, are located in the instrument, not in the stem. 
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Figure 52. Manual instrument for measuring HPVT. 
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Figure 53. Semi-manual 4-channel HPVT recorder. 
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Figure 54. Sixteen channel HPVA, HPVS, HPVM or D logger. 
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APPENDIX F 

COMPUTER PROGRAMS FOR TANGENTIAL AND RADIAL LONGITUDINAL MODELS 

The program for both models is the same except for the plane 
heat source geometry equations for Dee HPVM and HPVP. The TLM program 
is given in its entirety; however only the first 26 lines, containing 
the modified equations, are given for the RLM. Both programs access 
the same subroutine SOLVER which produces the finite difference solu- 
tions using the alternating direction implicit method (von Rosenberg 
1969). 

The thermal conductivity and density times specific heat for 
each node in the physical mesh are contained in file CPRB. The direc- 
tional thermal conductivities are headed CAM, conductivity along 
the tree axis in the minus (upstream) direction from the point; CAP, 
as above except in the positive (downstream) direction; CTM, tangential 
in the minus direction (to the left) and CTP, as CTM except to the 
right. Density times specific heat (PC) is the weighted average 
for all materials meeting at the node. 

The probe index number for the particular model is contained 
in file IPRB. The values assigned to each node in this file determines 
whether the simulation is TLM or RLM. Examples of a TLM IPRB index 
file with sensor materials (sensor-heater nodes indicated by boxed 
area) and an RLM IPRB without probe materials are given. One or 
two sensors up to 0.32 cm in diameter, may be located at any point 
in the physical grid, as positioned by variable ITC (top, downstream 
sensor location) or IBC (bottom, upstream sensor location). Similiar- 


ily the heater is positioned by variable IHC. In IPRB, the sensor, 
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which must be of the same size and materials at both the up and downs- 
tream locations, is centered along IDX@6; the heater IDX@15. 

A sample data printout for the TLM is given. Temperature field 
values are available at 15, 20, 30, 40, 45, 60, 80, 90, 120 and 180 S, 
but only the temperatures and solutions solutions at 60, 120 and 
180 s are shown (temperature values are xl100). With sensor materials 
in the temperature field, only the solutions at the sensor nodes 
are valid (circled on printout). All others are ignored. If sensor 
materials are not in the field, then solutions are valid at all points. 

Variable KR controls the size of matrix used in the tangential 
or radial direction. KR x 0.04 cm is the dimension. KR also defines 
the centerline of symmetry of the solution matrix. The sensors and 
heater are normally centered at KR in the TLM, and KR is the center 
of the stem (up to 4 cm radius) in the RLM. 

Wound is set by the HPV imposed at or in the vicinity of the 
sensor nodes: HPVI = O within the wound; HPVI = % HPV or zero on 
a sensor border depending upon the wound width imposed; HPVI = HPV 
at all other nodes. The values in IDX@l in IPRB designate the HPVI 
assigned at each node. This index number is referenced to print 
out the HPVI at each tangential or radial position ce the physical 
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THIS PROGRAM, TLM+SOLVER, PRODUCES A FINITE DIFFERENCE 
NUMERICAL SOLUTION IN THE TANGENTIAL LONGITUDINAL PLANE 
TO MARSHALL'S (1958) PARTIAL DIFFERENTIAL EQUATION 

FOR HEAT TRANSPORT BY COUPLED CONDUCTION THROUGH 

WOOD SUBSTANCE AND CONVECTION BY THE MOVING SAP. 

PROBE THERMAL COEFFICIENTS AS WELL AS THOSE AT 

VARIOUS EARLYWOOD/SAPWOOD OR LATEWOOD/HEARTWOOD 
COMBINATIONS ARE CONTAINED IN MTS LINE FILE COEF. 

AN INDEX TO WHICH COEFFICIENT IS TO BE USED AT EACH 
NODE IS CONTAINED IN MTS LINE FILE PID(N). 

CURRENT RUN PARAMETERS, I.E. WOOD MOISTURE, WOOD 
DENSITY, SENSOR LOCATION, AND HPV'S TO RUN ARE 
CONTAINED IN MTS LINE FILE RPAR(N). 

FUNCTIONS ARE DEFINED BELOW TO SOLVE FOR HPVM, DIFFUSIVITY 
HPVS, HPVA AND HPVP AT VARIOUS COMBINATIONS OF TIMES 
FROM AMONG 15,20,30,40,45,60,80,90,120 AND 180 SECONDS, 
AND AT VARIOUS SPACES RANGING FROM -1.20,-.96,-.48 TO 
+.96, +1.20, AND TO +1.44 CM. 

VM (TM1,TM2,TM3,R1,R2)=(TM1*ALOG(R1) -TM3*ALOG (R2) ) 

1 /(TM1*TM2*TM3* (ALOG (R1/R2) )) 

DIF (TM1,TM2,TM3,R1,R2,XU) = (XU*XU* (—. 5% (TM2-TM1) *«*2) ) 

1 /(TM1*TM2*TM3* (ALOG (R1/R2) )) 

VS (DF, R3, XU) =3600. * (DF*ALOG (R3) ) /XU 
VA(XT,XB,TM1,TM2,S1,S2) = (XT+XB) * (TM1*ALOG (S1) 

1 —TM2*ALOG(S2)) / (2. *TM1*TM2* (ALOG (S1/S2))) 

VP (XU, DF, TVP) = (XU*XU-4. *DF*TVP) 

INTEGER LC (201) 

DIMENSION SNA(201,101) ,SNR(201,101),IPRB(19, 101), 

1CPRB (200,6) ,HPVI (10) ,TH(10, 101) ,TM48(10, 101) ,TM96(10,101), 
2TM120(10, 101) ,TM144(10, 101) , TP96(10, 101) ,TP120(10, 101), 
STP 144( 10 Mid) T2171 (101) , T22 0101) , TPK1 (101) , TPK2 (101) , 
ATPK3 (101) , DEPTH(101) , VIMP (101) ,SOL(31, 101) 
COMMON/NOSOL/DEPTH, SOL, VIMP 

COMMON /INT1/LC,IPRB 

COMMON /INT2/ IMAX, IMAX1, IMAX2,KR,KRM,KRP 

COMMONS INTS (ETT ES SIS . DEF TET AEIC, IBC, IHC 

COMMON /INT4/ NH1,NH2,NH3,NH4,NH5,NH6,NH7,NH8 

COMMON /REA1/ SNA,SNR 

COMMON /REA2/ CPRB 

COMMON /REA3/TIME,DT,HT,HHPL,HPL,DT1,DT2,DT3,DT4 
COMMON/REA4/TM48, TM96,TM120,TM144,TH,TP96, 

1 TP120,TP144,TZ1,TZ2,TPK1, TPK2, TPK3 

READ RUN CONTROL PARAMETERS — 

READ (2'2000,503) MPT,MPC,NCOEF,NH1,NH2,NH3,NH4,NH5,NH6,NH7,NH8 
READ (2'3000,503) NRM, ITC, IHC, IBC,KR, IMAX 

READ (2'5000,504) (HPVI (1) , 1=1,NRM) 

READ VALUES INTO COEFFICIENT FILE CPRB. 
READ(1'8000,500) ((CPRB(1I,J) ,J=1,6) , 1=1,NCOEF) 

READ PROBE INDEX INTO FILE IPRB. 

NOTE THAT THIS READ STATEMENT ROTATES THE FILE 90 DEGREES 
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193 
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READ (3'1000,501) ((IPRB(J,1I) ,J=1,19) ,I=1,KR) 
READ (4'2000,504)DT1,DT2,DT3,DT4 

READ (4'4000,502)1T1,1T2,1T3,ITF 

READ (4'6000,500) HT,HPL 

THIS READ STATEMENT ALLOWS ME TO INPUT THE NODE NUMBERS 
AT WHICH I WANT DIFFERENT THAN THE STANDARD NODES 
GIVEN HPV VALUES. THE NODE NUMBERS ARE ASSIGNED 
IN FILE CONPAR(N), WHICH IS ASSIGNED TO UNIT 4. 
READ (4'8000, 502) NV1,NV2,NV3,NV4 

READ (4'10000,502)NP1,NP2,NP3 
CBARK=CPRB (67, 1) /CPRB (67,5) 
CSWD=CPRB (1, 1) /CPRB(1,5) 
CHWD=CPRB (2, 1) /CPRB (2,5) 

DX=0.04 

HHPL=HPL/2.0 

KRM = KR-1 

KRP = KR+1 

IMAX 1=IMAX~1 

IMAX2=IMAX-2 

ITT = ITC+4 

ITB = ITC-4 

IHT = IHCt+4 

IHB = IHC-4 

IBT = IBCt4 

IBB = IBC-4 

ITM = ITB-2 

IHM = IHB-11 

IBM = IBB-2 

FTST=f1TCSIHC 

IBS = IBC-IHC 

SPT = DX*ITS 

SPB = DX*IBS 

KWR = KR/17 

IF (KWR.EQ.0) KWR=1 

DO 200 I=2,IMAX1 

IF(I.GE.ITB.AND.I.LE.ITT) GO TO 192 
IF(I.GE.IHB.AND.I.LE.IHT) GO TO 193 
IF(1.GE.IBB.AND.I.LE.IBT) GO TO 194 

LC (I) =1 

GO TO 200 

LC (Ly=I- TIN 

GO TO 200 

LC (1) =I-IHM 

GO TO 200 

LC (1) =I-IBM 

CONTINUE 

DO 70 K=1,KR 

DEPTH (K) = DX*(K-1) 

WRITE (6,610) 

WRITE (6,611) ITC, IHC, IBC,MPT,MPC 
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WRITE (6,618) 1T1,IT2,1T3, ITF,NH1,NH2,NH3,NH4,NH5,NH6,NH7,NH8 


WRITE (6,619) DT1,DT2,DT3,DT4,HT,HPL 
WRITE (6,622) NP1,NP2,NP3,NV1,NV2,NV3,NV4 
DDX=DX*DX 

D2DX=2.0*DX 

ROUTINE TO PRINT OUT PROBE INDEX VALUES 
IF (MPC.EQ.0)GO TO 14 

WRITE (6,613) 

WRITE (6,614) 

DO 15 I=1,NCOEF 

IF(MPC.EQ.0) GO TO 15 
IF(I.EQ.51.OR.1.EQ.101.OR.1.EQ.151)WRITE(6, 601) 
IF(I.EQ.51.OR.1.EQ.101.OR.1.EQ.151)WRITE(6, 614) 
WRITE (6,612) 1, (CPRB(I,J) ,J=1,6) 
CPRB(I,6) = 999.0 

IF(MPT.EQ.0)GO TO 13 

WRITE (6, 608) NRM 

DO 71 I=1,KWR 
IF(1.EQ.3.OR.1.EQ.5.0R.1.EQ.7)WRITE(6,601) 
IF(1.EQ.9.OR.1.EQ.11.OR.1.EQ.13)WRITE(6,601) 
Ki = 17% (1-1) +1 

K2 = 17*I 

IF (K2.GT.KR) K2=KR 

WRITE (6,620) (K,K=K1,K2) 

WRITE (6,607) (DEPTH (K) , K=K1,K2) 

DOf7 + -JU=1 319 

J=20-JJ 

WRITE (6,609) J, (IPRB(J,K) ,K=K1,K2) 

WRITE (6,601) 

K1=K2+1 

IF(K1.GE.KR)GO TO 13 

WRITE (6,620) (K,K=K1,KR) 

WRITE (6,607) (DEPTH (K) ,K=K1,KR) 

DO 72 JJ=1,19 

J=20-JJ 

WRITE (6,609) J, (IPRB(J,K) ,K=K1,KR) 

DO 11 J=1,4 

DO 11 K=1,NCOEF 

CPRB(K,J) = CPRB(K,J) /DDX 

DO 50 NRUN = 1,NRM 

DO 12 K=1,KR 

DO 12 I=1,1MAX 

SNA(I,K)=0.0 

SNR(1I,K)=0.0 

DO 17 Kb, KR 

TZ1 (K) =999.99 

TZ2 (K) =999.99 

TPK1 (K) =999.99 

TPK2 (K) =999.99 

TPK3 (K) =999.99 
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DO 17 I=1,31 

SOL (I,K) =99.99 

HPV=HPVI (NRUN) 

I AM ASSUMING THAT PHLOEM FLOW RATE = -0.01 XYLEM RATE 
PHLOEM FLOW VALUES ARE SET AT NODES 39, 40 AND 41 
THIS SETS PHLOEM VELOCITY AT -1% OF HPV XYLEM 
HPVPH=-0.01%* (ABS (HPV) ) 

DO 10 K=1,KR 

KK=IPRB(1,K) 

IF (KK.EQ. 1) VIMP (K) =HPV 

IF (KK.EQ.2.OR.KK.EQ.50.OR.KK.EQ.67) VIMP (K) =0.0 
IF (KK. EQ.37.OR.KK.EQ. 38.OR.KK.EQ.51) VIMP (K) =0.5*HPV 
IF (KK.EQ.NP1) VIMP (K) =HPVPH/2.0 

IF (KK.EQ.NP3) VIMP (K)=(HPVPH + HPV)/2.0 

IF (KK.EQ.NP2) VIMP (K) =HPVPH 

IF (KK.EQ.NV1.OR.KK.EQ.NV2) VIMP (K) =HPV 

IF (KK.EQ.NV3.OR.KK.EQ.NV4) VIMP (K) =HPV/2.0 
CONTINUE 

HPV=HPV/3600 

HPV=HPV/D2DX 

HPVPH=HPVPH/ 3600 

HPVPH = HPVPH/D2DX 

CPRB (1,6) =HPV 

CPRB(2,6)=0.0 

CPRB (37,6) =0.5*HPV 

CPRB (38,6) =CPRB (37,6) 

CPRB(NP1,6) = 0.5*HPVPH 

CPRB(NP2,6) = HPVPH 

CPRB (NP3, 6) (HPV + HPVPH)/2.0 

CPRB(50,6) = 0.0 

CPRB (51,6) O.5*HPV 

CPRB (67, 6) 03.0 

CPRB(NV1,6) =HPV 

CPRB(NV2,6) =HPV 

CPRB(NV3,6) =HPV/2.0 

CPRB (NV4,6) =HPV/2.0 


MI 


iW 


TEMBe= 40:40 
LDa= a0 
DE =.DEt 


PRINT OUT PARAMETERS USED IN THIS RUN. 
WRITE (6,615) SPT,SPB,KR 

WRITE (6,605) 

DO 97 I=1,KWR 

Kh 01 Fe CLS 7) I 

K2y= Jed 

IF (K2.GT.KR)K2=KR 

WRITE (6,620) (K,K=K1,K2) 

WRITE (6,607) (DEPTH (K) ,K=K1,K2) 
WRITE (6,606) (VIMP (K) ,K=K1,K2) 
K1 = K2+1 
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IF (K1.GE.KR)GO TO 40 
WRITE (6,620) (K,K=K1,KR) 
WRITE (6,607) (DEPTH (K) ,K=K1,KR) 
WRITE (6,606) (VIMP (K) ,K=K1,KR) 
ROUTINE TO PRINT HPV VALUES AT SOLUTION NODE POINTS 
WRITE (6,616) 
DO 98 I=1,NCOEF 
IF ((CPRB(I,6)).GE.500.)GO TO 98 
VHPV = CPRB(I,6) *3600.0*D2DX 
WRITE (6,617) 1, VHPV 
CONTINUE 
CALL APTRAC(0,0,0,2) 
TIME=O. 
DT=DT1 
IT=O 
CONTINUE 
GALL APINIT(1,0,ISTAT) 
CALL SOLVER 
CALL APRLSE 
WRITE (6,621) TIME 
PORTION OF MAIN PROGRAM THAT CALLS ROUTINE 
TO PRINT OUT TEMPERATURE MATRIX VALUES 
DO 95 IPT=1,5 
GO TO(801,802,803,804,805) , IPT 
ITIME=30 
IP=3 
GO TO 811 
ITIME=60 
IP=6 
GO TO 811 
ITIME=90 
IP=8 
GO TO 811 
ITIME=120 
IP=9 
GO TO 811 
ITIME=180 
IP=10 
GO TO 811 
WRITE (6,600) ITIME 
DO 94 I=1,KWR 
K1=17* (1-1) +1 
K2=17xI 
IF (K2.GT.KR)K2=KR 
CALL DPRT(K1,K2,IP) 
CONTINUE 
K1=K2+1 
IF (K1.GE.KR)GO TO 95 
CALL DPRT(K1,KR, IP) 
CONTINUE 
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ROUTINE TO CALCULATE DIFFUSIVITIES AND HEAT PULSE 
VELOCITIES FROM NUMERICALLY GENERATED TEMPERATURE 
DATA AT VARIOUS INDICATED TIMES. 

DO 81 KI=1,2 

DO 82 I=1,31 

DO 82 K=1,KR 

SOL (I,K) =99.99 

GO TO(821,822) ,KI 

K1=3 

K2=6 

K3=8 

TK1=30. 

TK2=60. 

TK3=90. 

GO TO 830 

K1=6 

K2=9 

K3=10 

TK1=60. 

TK2=120. 

TK3=180. 

CONTINUE 

DO 80 K=2,KR 

Tei etsh lo blr au ek) od (Ke) 1 0 
SECUZ20R) Lt, (424) ST ZK) = 1.0 

IF (TPK1 (K) .LT. (1.)) TPK1 (K) =1.0 

IF (TPK2 (K) .LT. (1.)) TPK2 (K) =1.0 

IF (TPK3 (K) .LT. (1.)) TPK3 (K) =1.0 

SOLUTIONS FOR HPVA, HPVT @ -.48, +.96 CM. 
$1=999.99 

S2=999.99 

S3=999.99 

IF (TP96 (K1,K) .LE. (0.0) .OR. TM48 (K1,K).LE.(0.0))GO TO 701 
S1=TP96 (K1,K) /TM48 (K1,K) 

IF (TP96 (K2,K) .LE. (0.0) .OR. TM48 (K2,K) .LE. (0.0))GO TO 702 
S2=TP96 (K2,K) /TM48 (K2,K) 

IF (TP96(K3,K) .LE. (0.0) .OR. TM48 (K3,K) .LE. (0.0))GO TO 703 
S3=TP96 (K3,K) /TM48 (K3,K) 

IF(S1.EQ. (999.99) .OR.S2.EQ. (999.99))GO TO 704 
IF(S1.EQ.S2)GO TO 704 

TE(S2.L1 (OaieoceO ad 

SOL. (1,K)=3600.*VA(0.96,-.48,TK1,TK2,S1,S2) 
IF(S1.EQ. (999.99) .OR.S3.EQ. (999.99))GO TO 705 
IF(S1.EQ.S3)GO TO 705 

ir.(S3 LT. W.d))S3=0. 4 

SOL (2, K) =3600. *VA(0.96,-.48, TK1,TK3,S1,S3) 

IF (S2.EQ. (999.99) .OR.S3.EQ. (999.99) ) GO TO 706 

IF (S2.EQ.S3)GO TO 706 

SOL (3, K) =3600.*VA(0.96,-.48, TK2, TK3,S2,S3) 

IF (TZ1 (K) .EQ. (999.99))GO TO 707 
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IF (TZ1(K) .LE. (0.0))GO TO 707 

SOL (4, K) =864. /TZ1 (K) 

SOL (5,K) =TZ1 (K) 

CONTINUE 

SOLUTIONS FOR HPVA, HPVT @-.96, +1.44 CM 
S1=999.99 

S2=999.99 

S3=999,.99 


IF (TP144(K1,K) .LE. (0.0) .OR. TM96(K1,K).LE.(0.0))GO TO 711 


S1=TP144(K1,K) /TM96 (K1,K) 


IF (TP 144 (K2,K).LE. (0.0) .OR. TM96 (K2,K) .LE. (0.0))GO TO 712 


S2=TP 144 (K2,K) /TM96 (K2,K) 


IF (TP144 (K3,K) .LE. (0.0) .OR. TM96(K3,K) .LE. (0.0))GO TO 713 


S3=TP 144 (K3,K) /TM96 (K3 ,K) 

IF(S1.EQ. (999.99) .OR.S2.EQ. (999.99))GO TO 714 
IF(S1.EQ.S2)GO TO 714 

TFICS25 L021) S250 

SOL (6,K) =3600.*VA(01.44,-.96,TK1,TK2,S1,S2) 
IF(S1.EQ. (999.99) .OR.S3.EQ. (999.99))GO TO 715 
IF(S1.EQ.S3)GO TO 715 

IF(S3.LT. (0. 1))S3=0. 1 

SOL (7,K)=3600.*VA(01.44,-.96,TK1,TK3,S1,S3) 
IF (S2.EQ. (999.99) .OR.S3.EQ. (999.99))GO TO 716 
IF(S2.EO.S3)GO TO 716 

SOL (8,K)=3600.*VA(01.44,-.96, TK2, TK3,S2,S3) 
IF (TZ2 (K) .EQ. (999.99))GO TO 717 
PPCEZZG) .LE. (0.0):)GO TO: 717 

SOL (9, K) =864. /TZ2 (K) 

SOL (10, K) =TZ2 (K) 

CONTINUE 


SOLUTIONS FOR HPVM,D,HPVP DOWNSTREAM AND HPVS @-.96,+.96 CM 


RiSase.s 
ie Soo oo 
ho=29on 99 
RA=999799 
Ro=s9o9..99 
Dt=SSo509 


IF (TP96(K1,K).LE. (0.0) .OR. TP96 (K2,K) .LE. (0.0))GO TO 721 


R1=(TK1*«TP96 (K1,K)) / (TK2*TP96 (K2,K)) 


IF (TPS6 (K2,K).LE. (0.0) .OR. TP96(K3,K).LE. (0.0))GO TO 722 


R2= (TK2*TP96 (K2,K)) / (TK3*TP96 (K3,K)) 

IF (R1.EQ. (999.99) .OR.R2.EQ. (999.99))GO TO 727 
IF(R1.EQ.R2)GO TO 727 

TP(R2L DTCs) YR2=0. 

SL=VM (TK1,TK2,TK3,R1,R2) 

IF(SL.LT.0.0)GO TO 723 

SOL (11,K) =3600*0.96*SQRT (SL) 

D1=DIF (TK1,TK2,TK3,R1,R2,0.96) 

IF (D1.EQ. (999.99))GO TO 727 

SOL (12,K)=D1 
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IF (TM96(K1,K).LE. (0.0) ) GO 
R3=TP96(K1,K) /TM96 (K1,K) 
IF(R3.LE. (0.0))GO TO 724 
IF (R3.LT. (0.1) )R3=0.1 

SOL (13,K)=VS(D1,R3,0.96) 
IF (TM96 (K2,K) .LE. (0.0) ) GO 
R4=TP96 (K2,K) /TM96 (K2,K) 
IF (R4.LE. (0.0))GO TO 725 
IF (R4.LT. (0.1))R4=0.1 

SOL (14,K)=VS(D1,R4,0.96) 
IF (TM96 (K3,K) .LE. (0.0)) GO 
R5=TP96 (K3,K) /TM96 (K3,K) 
IF(R5.LE. (0.0))GO TO 726 
IF(R5.LT. (0.1) )R5=0. 1 

SOL (15,K)=VS(D1,R5,0.96) 
IF (TPK1 (K) .EQ. (999.99) ) GO 
IF (TPK1(K) .LE. (0.0))GO TO 
HVP=VP (0.96,D1,TPK1 (K)) 
IF (HVP.LT.0.0)GO TO 728 


SOL (16,K) =3600.*SQRT (HVP) /TPK1 (K) 


SOL (17, K) =TPK1 (K) 
CONTINUE 


SOLUTIONS FOR HPVM,D,HPVP DOWNSTREAM AND HPVS @-1.20,+1.20 CM 


Ri=e29eo9 
R2=99s909 
RS=99909 
Re*=O99399 
R5=899/99 
BE=9997T29 


IF CEP 120 (K 19K) SLEO(OS0) .OR.TP120 (K2,K) .LE. (0.0)) GO TO 731 
R1=(TK1*TP 120 (K1,K)) / (TK2*TP120 (K2,K)) 

PRCPPALOKK 27K) EES 6.10) OR. FP PZ0 (K3,;K) .LEs(0.0))GO TO 732 
R2= (TK2*TP120 (K2,K)) / (TK3*TP120 (K3,K) ) 

IF (R1.EQO. (999.99) .OR.R2. EQ. (999.99))GO TO 737 


IF (R1.EQ.R2)GO TO 737 
IF (R2.LT. (0. 1))R2=0.1 
SL=VM (TK1,TK2,TK3,R1,R2) 
IF(SL.LT.0.0)GO TO 733 


TO 724 


LOWEZ5 


FO. 726 


LO" 727 
727 


SOL (18,K) =3600.*1.20*SORT (SL) 


D1=DIF(TK1,TK2,TK3,R1,R2,1 


Be 9))) 


IF (D1.EQ. (999.99))GO TO 737 


SOL (19,K)=D1 


IF (1N120 (KR, K) SBE SC020)) GO TO 734 


R3=TP120 (K1,K) /TM120 (K1,K) 
IF (R3.LE.(0.0))GO TO 734 
IF (R3.LT. (0.1) )R3=0. 1 

SOL (20,K) =VS(D1,R3,1.20) 


IF (TM120 (K2,K).LE. (0.0))GO TO 735 


R4=TP 120 (K2,K) /TM120 (K2,K) 
IF (R4.LE. (0.0))GO TO 735 
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IF(R4.LT. (0.1))R4=0.1 
SOL(21,K)=VS(D1,R4,1.20) 

IF (TM 120 (K3,K).LE. (0.0))GO TO 736 
R5=TP 120 (K3,K) /TM120 (K3,K) 

IF(R5.LE. (0.0))GO TO 736 
IF(R5.LT. (0. 1))R5=0.1 

SOL (22,K)=VS (D1,R5, 1.20) 

IF (TPK2 (K) .EQ. (999.99))GO TO 737 

IF (TPK2 (K) .LE. (0.0))GO TO 737 
HVP=VP(1.20,D1,TPK2 (kK) ) 
IF(HVP.LT.0.0)GO TO 738 

SOL (23,K)=3600.*SORT (HVP) /TPK2 (K) 

SOL (24, K) =TPK2 (K) 

CONTINUE 

SOLUTIONS FOR HPVM,D,HPVP DOWNSTREAM AND HPVS @-1.44,+1.44 CM 
R1=999.99 

R2=999.99 

R3=999.99 

R4=999.99 

R5=999.99 

D1=999.99 

IF (TP144(K1,K).LE. (0.0) .OR.TP144 (K2,K).LE. (0.0))GO TO 741 
R1=(TK1*TP144(K1,K)) / (TK2*TP144 (K2,K)) 
IF(TP144(K2,K) .LE. (0.0). OR. TP 144 (K3,K) .LE. (0.0))GO TO 742 
R2= (TK2*TP144 (K2,K)) / (TK3*«TP 144 (K3,K) ) 
IF(R1.EQO. (999.99) .OR.R2.EQ. (999.99))GO TO 747 
IF(R1.EQ.R2)GO TO 747 

IPCR200T.(O4t) )R2=0.1 

SL=VM (TK1,TK2,TK3,R1,R2) 
TECSROET.0.10)'GO! TOMT43 

SOL (25,K) =3600.*1.44*SORT (SL) 
D1=DIF(TK1,TK2,TK3,R1,R2,1.44) 

IF (D1.EQ. (999.99))GO TO 747 

SOL (26,K)=D1 

IF (T™144(K1,K).LE. (0.0))GO TO 744 
R3=TP 144 (K1,K) /TM144 (K1,K) 

IF(R3.LE. (0.0))GO TO 744 

IF (R3.LT. (0. 1))R3=0.1 

SOL (27,K)=VS (D1,R3, 1.44) 

IF (TM144(K2,K).LE. (0.0))GO TO 745 
R4=TP 144 (K2,K) /TM144 (K2,K) 

IF(R4.LE. (0.0))GO TO 745 

IF (R4.LT. (0. 1)) R4=0.1 

SOL (28,K)=VS (D1,R4,1.44) 

IF (TM 144 (K3,K).LE. (0.0))GO TO 746 
R5=TP 144 (K3,K) /TM144(K3,K) 

IF(R5.LE. (0.0))GO TO 746 
IF(R5.LT. (0. 1)) R5=0. 1 

SOL (29,K)=VS (D1,R5,1.44) 

IF (TPK3 (K) .EQ. (999.99))GO TO 747 
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IF (TPK3 (K) .LE. (0.0))GO TO 747 
HVP=VP (1.44,D1,TPK3 (kK) ) 
IF (HVP.LT.0.0)GO TO 748 
SOL (30, K) =3600.*SQORT (HVP) /TPK3 (K) 
SOL (31,K) =TPK3 (K) 
CONTINUE 
CONTINUE 
ROUTINE TO PRINT NUMERICALLY DERIVED HEAT 
PULSE VELOCITIES. THIS ROUTINE CALLS VARIOUS 
PRINT ROUTINES FOR TABLES OF DIFFUSIVITY, 
HPVS, HPVA OR HPVL. 
DO 83 I=1,KWR 
WRITE (6,602) TK1, TK2, TK3,CBARK, CSWD, CHWD 
Rie 17-4) +1 
K2=17%x1 
IF (K2.GT.KR)K2=KR 
CALL VPRT(K1,K2) 
CONTINUE 
K1=K2+1 
IF(K1.GE.KR)GO TO 81 
WRITE (6,602) TK1,TK2,TK3,CBARK,CSWD,CHWD 
CALL VPRT(K1,KR) 
CONTINUE 
CONTINUE 
FORMAT (6F 10.6) 
FORMAT (1914) 
FORMAT (514) 
FORMAT (1114) 
FORMAT (10F5.1) 
FORMAT (1H1,'AT TIME=',17) 
FORMAT ('1') 
FORMAT (1H1,'SOLUTIONS FOR HPVA, HPVS, HPVM, HPVP, ', 
1'HPVT, AND DIFFUSIVITY DOWNSTREAM AT',/,'TIMES:' 


203 TIM =. FAO V2 sa eer aOg 2X), 'TS=' F420, /, 
3 'IMPOSED DIFFUSIVITIES ARE: D BARK=',F7.4,2X, 
4 'D SAPWOOD=',F7.4,2X,'D HEARTWOOD=',F7.4) 


FORMAT (1H1,'HPVA AND HPVT AND HPVP') 

FORMAT (1H1,'HPVS AND HPVM1 AND HPVP') 

FORMAT (1H1,'HPV IMPOSED AT EACH DEPTH FOR THIS RUN') 
FORMAT(1H ,'VIMP',4X,17F7.2) 

FORMAT(1H ,'DEPTH',3X,17F7.2) 


FORMAT (1H1,'PROBE INDEX MATRIX USED FOR THE NEXT ',13,2X,'HPVI') 


FORMAT(1H ,'IDX @',13,1717) 

PORMMIGIHO, TX, ITC ax THC’, 7X3" TBC’, 7X, MPR’, 7X, MPC") 
FORMAT (10110) 

FORMAT (2X,13,2X,6F12.6) 

FORMAT (1H1,'PROBE COEFFICIENT VALUES AT INDEX POINT’, 

1 ' NUMBERS‘) 


FORMAT(1H , 'INDEX',6X,'CAM',9X,'CAP',9X,'CTM', 9X, 'CTP',9x, 


1'Pc',10X,'MISC') 
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FORMAT (1HO, 'TOP SENSOR SPACING =',F5.2,'CM',3xX, 
1'BOTTOM SENSOR SPACING =',F5.2,'CM',3X, 'KR=',14) 

FORMAT (1HO,'HPV VALUES AT SOLUTION NODES' 

1,/, 'NODE',7X, 'HPVI',/) 

FORMAT (15,5X,F7.2) 

FORMAT C1INO}OPD i= YT, Fo , 3X) YIPZs',13,3K,'IT3=' ,13,3X, 
1'ITF=')14,3X, 'NH1=',13,3X, 'NH2=',13,3X, 'NH3=',13,3X, 'NH4=',13 
2,3X, 'NH5=',13,3X, 'NH6=',13,3X, 'NH7=',13,3X, 'NH8=',13) 

FORMAT( 1H? (DTGa29R4.: 123K) }DT2=',F4.1,3X, 'DT3=', 
1P4.1,3X, 'DT4=',F4.1,3X, 'HT=',F10.0,3X, 'HPL=',F5.2) 

FORMAT (1HO,'K IDX',3X,1717) 

FORMADGIN? (Ste (gba. .heaoiog) LC=",13,' LL=',13,' Cam=', 
1F10.4,' CAP=',F10.4,' CRM=',F10.4,' CRP=',F10.4, 
2' CV=',F10.4,' PC=',F10.4) 

FORMAT (1HO, 'SOLUTION RAN FROM T=O TO T= ',F6.2) 

FORMAT (1HO, 'VARIABLE HPV NODE ASSIGNMENTS ARE',/, 
TANP T= S13 PSK PONE Ss 1 S13 93k | 'NP3=',13,3x,/, 
2'NV1=',13,3X, 'NV2=',13,3X, 'NV3=',13,3X, 'NV4=',13) 

STOP 

END 

SUBROUTINE VPRT(J1,J2) 

THIS ROUTINE PRINTS OUT A TABLE OF SOLUTIONS FOR 
HPVA, HPVT, HPVM, HPVS, HPVP AND DIFFUSIVITY AT 

THE SEVERAL TIME AND SPACE INTERVALS FOR WHICH 

TEMPERATURE DATA ARE AVAILABLE IN THIS VERSION 

OF THE NUMERICAL MODEL 

DIMENSION DEPTH(101) ,SOL(31,101) , VIMP(101) 
COMMON/NOSOL/DEPTH, SOL, VIMP 
WRITE (6, 32) (K,K=J1,J2) 

WRITE (6, 33) (DEPTH (K) ,K=J1,J2) 

WRITE (6, 30) (VIMP(K) ,K=J1,J2) 

WRITE (6, 34) 

WRITE (6,1) (SOL(1,K) ,K=J1,32) 

WRITE (6, 2) (SOL(2,K) ,K=J1,32) 

WRITE (6, 3) (SOL(3,K) ,K=J1,J2) 

WRITE (6,4) (SOL(4,K) ,K=J1,J2) 

WRITE (6,5) (SOL(5,K) ,K=J1,32) 

WRITE (6, 35) 

WRITE (6, 1) (SOL(6,K) ,K=J1,32) 

WRITE (6,2) (SOL(7,K) ,K=J1,32) 

WRITE (6, 3) (SOL(8,K) ,K=J1,32) 

WRITE (6,4) (SOL(9,K) ,K=J1,32) 

WRITE (6,5) (SOL(10,K) ,K=J1,J2) 

WRITE (6, 36) 

WRITE (6,6) (SOL(11,K) ,K=J1,J2) 

WRITE (6,7) (SOL(12,K) ,K=J1,J2) 

WRITE (6,8) (SOL(13,K) ,K=J1,J2) 

WRITE (6,9) (SOL(14,K) ,K=J1,J2) 

WRITE (6, 10) (SOL(15,K) ,K=J1,J2) 

WRITE (6,11) (SOL(16,K) ,K=J1,J2) 
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WRITE (6, 13) (SOL(17,K) ,K=J1,J2) 
WRITE (6, 37) 

WRITE (6,6) (SOL(18,K) ,K=J1,J2) 

‘WRITE (6,7) (SOL(19,K) ,K=J1,J2) 

WRITE (6,8) (SOL(20,K) ,K=J1,J2) 

WRITE (6,9) (SOL(21,K) ,K=J1,J2) 

WRITE (6, 10) (SOL(22,K) ,K=J1,J2) 
WRITE(6,11) (SOL(23,K) ,K=J1,d2) 
WRITE (6, 13) (SOL(24,K) ,K=J1,J2) 
WRITE (6, 38) 

WRITE (6,6) (SOL(25,K) ,K=J1,J2) 

WRITE (6,7) (SOL(26,K) ,K=J1,32) 

WRITE (6,8) (SOL(27,K) ,K=J1,32) 

WRITE (6,9) (SOL(28,K) ,K=J1,J2) 

WRITE (6,10) (SOL(29,K) ,K=J1,J2) 
WRITE (6,11) (SOL(30,K) ,K=J1,J2) 
WRITE (6, 13) (SOL(31,K) ,K=J1,J2) 


1 FORMAT (1HO, 'HPVA T1/T2',17F7.2) 
2 FORMAT(1H ,'HPVA T1/T3',17F7.2) 
3 FORMAT(1H ,'HPVA T2/T3',17F7.2) 
4 FORMAT(1H ,'HPVT Teise tse) 
5 FORMAT(1H ,'T ZERO er oy Fa 
6 FORMAT (1HO, 'HPVM T1,2,3',17F7.2) 
7 FORMAT (1H: , “DIF eT1,2;3-",17F7.4) 
8 FORMAT(1H ,'HPVS T1 Dey TER2) 
9g FORMAT(1H ,'HPVS T2 ONT rw) 
10 FORMAT(1H ,'HPVS T3 ETS 392) 
11 FORMAT (1HO, 'HPVP CGFRT 2) 
13 FORMAT(1H ,'T MAX+ VOPiE PH) 
30 FORMAT (1HO, ‘IMPOSED HPV',17F7.2) 
33 FORMAT (1HO, 'DEPTH',5X,17F7.2) 
34 FORMAT (1HO, 'ASYMMETRIC SOLUTIONS AT (-.48,0,+.96 CM)') 
35 FORMAT (1HO, 'ASYMMETRIC SOLUTIONS AT (-.96,0,+1.44 CM)') 
36 FORMAT (1HO, 'SYMMETRIC SOLUTIONS AT (-.96,0,+.96 CM)') 
37 FORMAT (1HO, 'SYMMETRIC SOLUTIONS AT (-1.20,0,+1.20 CM)') 
38 FORMAT (1HO, 'SYMMETRIC SOLUTIONS AT (-1.44,0,+1.44 CM)') 
32 FORMAT GIN 2°R REDK USSR, 1719) 
RETURN 
END 
SUBROUTINE DPRT(J1,J2,J3) 
€ THIS ROUTINE PRINTS OUT TEMPERATURE MATRIX 
Cc VALUES AT TIMES CALLED FOR BY MAIN PROGRAM 


DIMENSION TM48(10, 101) ,TM96(10,101) ,TM120(10,101), 
1TM144(10, 101) , TP96(10, 101) ,TP120(10, 101) ,TP144(10, 101), 
2DEPTH (101), TH C10 P10 PF), 221 (101) £922. (101) ;SOL (31, 101) , 
3TPK1(101) , TPK2 (101) , TPK3 (101) , VIMP (101) 

COMMON /NOSOL/DEPTH, SOL, VIMP 

COMMON /REA4/TM48 , TM96,TM120,1TM144,TH,TP96, 

1 TP120,TP144,7T2Z1,TZ2,TPK1, TPK2, TPK3 
WRITE (6,620) (K,K=J1,J2) 
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WRITE (6,500) (DEPTH (K) ,K=J1,J2) 
WRITE (6,501) (TP144(J3,K) ,K=J1,J2) 
WRITE (6,502) (TP120(J3,K) ,K=J1,J2) 
WRITE (6,503) (TP96(J3,K) ,K=J1,d2) 
WRITE (6,505) (TH (J3,K) ,K=J1,J2) 
WRITE (6,506) (TM48 (J3,K) ,K=J1,J2) 
WRITE (6,507) (TM96(J33,K) ,K=J1,J2) 
WRITE (6,508) (TM120(J3,K) ,K=J1,J2) 
WRITE (6, 509) (TM144(J3,K) ,K=J1,J2) 
FORMAT(1H ,'DEPTH',6X,17F7.2) 
FORMAT(1H ,'TP144',5X,17F7. 1) 
FORMAT (1H ,'THTR',6X,17F7.0) 
FORMAT(1H ,'TP120',5X,17F7. 1) 
FORMAT (1H , 'TPO96',5X,17F7. 1) 
FORMAT(1H ,'TM048',5X,17F7. 1) 
FORMAT (1H ,'TMO96',5X,17F7. 1) 
FORMAT(1H ,'TM120',5X,17F7.1) 
FORMAT (1H ,'TM144',5X,17F7. 1) 
FORMAT (1HO,'K IDX',3X,1717) 
RETURN 

END 


THIS PROGRAM, RLM+SOLVER, PRODUCES A FINITE DIFFERENCE 
NUMERICAL SOLUTION IN THE LONGITUDINAL RADIAL PLANE 

TO MARSHALL'S (1958) PARTIAL DIFFERENTIAL EQUATION 

FOR HEAT TRANSPORT BY COUPLED CONDUCTION THROUGH 

WOOD SUBSTANCE AND CONVECTION BY THE MOVING SAP. 

PROBE THERMAL COEFFICIENTS AS WELL AS THOSE AT 

VARIOUS EARLYWOOD/SAPWOOD OR LATEWOOD/HEARTWOOD 
COMBINATIONS ARE CONTAINED IN MTS LINE FILE COEF. 

AN INDEX TO WHICH COEFFICIENT IS TO BE USED AT EACH 
NODE IS CONTAINED IN MTS LINE FILE PID(N). 

CURRENT RUN PARAMETERS, I.E. WOOD MOISTURE, WOOD 
DENSITY, SENSOR LOCATION, AND HPV'S TO RUN ARE 
CONTAINED IN MTS LINE FILE RPAR(N). 

FUNCTIONS ARE DEFINED BELOW TO SOLVE FOR HPVM,DIFFUSIVITY 
HPVS, HPVA AND HPVP AT VARIOUS COMBINATIONS OF TIMES 
FROM AMONG 15,20,30,40,45,60,80,90,120 AND 180 SECONDS, 
AND AT VARIOUS SPACES RANGING FROM -1.20,-.96,-.48 TO 
PAGorPRHEZOLTAND TO +1.44 CM. 

VM (TM1,TM2,TM3,R1,R2)=(TM1*ALOG(R1) -—TM3*ALOG(R2) ) 

1 / (TM1*TM2*TM3* (ALOG(R1/R2) )) 

DIF (TM1,TM2,TM3,R1,R2,XU) = (XU*«XU* (—. 5* (TM2-TM1) **2) ) 

1 / (2M1*«TM2*TM3* (ALOG (R1/R2) )) 

VS (DF, R3, XU) =3600. * (DF*ALOG (R3) ) /XU 

VA (XT, XB,TM1,TM2,S1,S2) =(XT+XB) * (TM1*ALOG (S1) 

1 -TM2*ALOG(S2)) / (2. *TM1*TM2* (ALOG(S1/S2) )) 

VP (XU, DF, TVP) = (XU*XU-2.*DF*TVP) 
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SUBROUTINE SOLVER 

INTEGER LC(201),IPRB(19,101) 

INTEGER NT, IMAX, IMAX1, IMAX2,KR,KRM,KRP 

INTEGER IPRT,IT1,1T2,1T3,ITF,IT 

REAL A(201) ,B(201) ,C (201) ,D(201) ,G(201) ,BB(201) 

REAL SNA(201,101) ,SNR(201,101) ,T96(101) ,T120(101) ,T144(101) 

REAL TH(10,101) ,TM48(10, 101) ,TM96(10,101), 

T™120(10, 101) ,TM144(10, 101) ,TP96(10, 101) ,TP120(10, 101), 

TP1i44 (40, 40 7)°99Z HCN 1982210 1), FPR1C101) , TPK2 (101) , 

TPK3 (101) 

REAL CPRB1 (200) ,CPRB2 (200) ,CPRB3 (200) ,CPRB4 (200) ,CPRB5(200), 
CPRB6 (200) 

COMMON /INT1/LC,IPRB 

COMMON /INT2/°IMAX, IMAX1,IMAX2,KR,KRM,KRP 

COMNON TINTS AD PRUSITS /EP3 SETH, IT, ITC,IBC, IHC 

COMMON /INT4/ NH1,NH2,NH3,NH4,NH5,NH6,NH7,NH8 

COMMON /REA1/ SNA,SNR 

COMMON /REA2/ CPRB1,CPRB2,CPRB3,CPRB4,CPRB5,CPRB6 

COMMON /REA3/TIME,DT,HT,HHPL,HPL,DT1,DT2,DT3,DT4 

COMMON/REA4/TM48,TM96,TM120,TM144,TH, TP96, 

TP120,TP144,TZ1,TZ2,TPK1,TPK2, TPK3 

IMPLICIT RADIAL FOLLOWED BY AXIAL BACKWARD DIFFERENCE 

EQUATIONS. MODIFIED THOMAS ALGORITHM AT SYMETRICAL 

BORDER, WHICH IS CONSIDERED TO BE CENTRE OF TREE. 

DO 40 K=1,KR 

T96(K) = 0.0 

T120 (K) =0.0 

T144(K) = 0.0 

ITZ=O 

TIME = TIME + DT 

THIS IS START OF FIRST HALF STEP (IMPLICIT RADIAL). 

A(1)=0.0 

HTV = HT/ (TIME**10.) 

IF (TIME. LE.HHPL) HTV=HT*TIME/HHPL 

IF (TIME.GT.HHPL.AND.TIME.LE.HPL) HTV=HT 

DO 170 I=2,1MAX1 

DO 160 KK=1,KRM 

K=KRP-KK 

KP 1=K+1 

LL=IPRB (LC (I) ,K) 

LV=IPRB(1,K) 

CAM=CPRB1 (LL) 

CAP=CPRB2 (LL) 

CRM=CPRB3 (LL) 

CRP=CPRB4 (LL) 

CA=CAM+CAP 

CR=CRM+CRP 

PC=CPRB5 (LL) 

CV=CPRB6 (LV) *PC 

PC=PC/DT 
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154 


155 


156 


254 


HTVS=0.0 
IF(LL.LE.2)GO TO 154 


IF (LL.EQ.NH1.OR.LL.EQ.NH2.OR.LL.EQ.NH3.OR.LL.EQ.NH4) HTVS=HTV 
IF (LL. EQ.NH5.OR.LL.EQ.NH6.OR.LL.EQ.NH7.OR.LL.EQ.NH8) HTVS=HTV 


A(K) = -CRM 
B(K) = CR + PC 
C(K) = -CRP 


p(k) =" (CV + CAM) *SNA(I-1,K) + (PC - CA)* 
1SNA(I,K) + (CAP -CV)*SNA(I+1,K) + HTVS 

IF (KRM-K) 155, 156,157 

BB (KR) =B (KR) 

G (KR) =D (KR) 

GO TO 160 

BB (K) =B(K) -2. 0*A(KP1) *C (K) /BB (KP1) 

G (K) =D (K) -C (K) *G (KP 1) /BB (KP 1) 

GO TO 160 


" CB=C (K) /BB (KP 1) 


BB (K) =B (K) -A (KP 1) *CB 

G (K) =D (K) -G (KP1) *CB 

CONTINUE 

DO 171 K=2,KRM 

SNR(1,K)=(G(K) - A(K)*SNR(1I,K-1)) /BB(K) 


SNR (1I,KR) = (G (KR) -2. 0*A (KR) «SNR (1, KRM) ) /BB (KR) 


END OF FIRST HALF-TIME STEP 


START SECOND HALF-TIME STEP (IMPLICIT AXIAL) . 


TIME = TIME + DT 
A(2) = 0.0 
C(IMAX1) = 0.0 
DO 270 K=2,KR 
KP1 = K+1 

IF (K.EQ.KR)KP1=K~1 
DO 260 I=2,IMAX1 
IM1=I- 
LL=IPRB (LC (I) ,K) 
LV=IPRB(1,K) 
CAM=CPRB1 (LL) 
CAP=CPRB2 (LL) 
CRM=CPRB3 (LL) 
CRP=CPRB4 (LL) 
CA=CAM+CAP 
CR=CRM+CRP 
PC=CPRB5 (LL) 
CV=CPRB6 (LV) *PC 
PC=PC/DT 
HTVS=0.0 
IF(LL.LE.2)GO TO 254 


IF (LL.EQ.NH1.OR.LL.EQ.NH2.OR.LL.EQ.NH3.OR.LL.EQ.NH4) HTVS=HTV 
IF (LL.EQ.NH5.OR.LL.EQ.NH6.OR.LL.EQ.NH7.OR.LL.EQ.NH8) HTVS=HTV 


ACI) = -CV"'= CAM 
B(I) = PC +°CA 
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280 


257 


260 


501 


5O2 


503 


504 


505 


500 


90 


(2) (=% CN) eRiCAP 

D(I) = CRM*SNR(I,K-1) + (PC - CR) *SNR(I,K) 
1+CRP*SNR(I,KP1) + HTVS 
IF(I.EQ.2)GO TO 280 

GO TO 257 

BB (2) =B (2) 

G(2)=D(2) 

GO TO 260 

CB=A (1) /BB(IM1) 
BB(I)=B(I) -C (IM1) *CB 
G(1)=D (1) -G(IM1) *CB 


CONTINUE 
DO 270 II=1, IMAX2 
I = IMAX-II 


SNA(I,K) = (G(I) - C(I) *SNA(I+1,K))/BB(1) 
END OF SECOND HALF-TIME STEP 

IT=TIME +0.05 

IF(TIME.LE.10.0) GO TO 95 

DO 500 K=2,KR 

IF (T96(K) .LT.SNA(125,K))GO TO 501 

IF (TPK1 (K) .EQ. (999.99) ) TPK1 (K) =TIME 

IF (T120(K).LT.SNA(131,K))GO TO 502 

IF (TPK2 (K) . EQ. (999.99) ) TPK2 (K) =TIME 

IF (T144(K) .LT.SNA(137,K))GO TO 503 

IF (TPK3 (K) .EQ. (999.99) ) TPK3 (K) =TIME 

IF (SNA(125,K).LT.SNA(89,K))GO TO 504 

IF (TZ1 (K) .EQ. (999.99) )TZ1(K) =TIME 

IF (SNA(137,K).LT.SNA(77,K))GO TO 505 

IF (TZ2 (K) .EQ. (999.99) ) TZ2 (K) =TIME 

T96 (K) =SNA (125,K) 

T120 (K) =SNA(131,K) 

T144 (K) =SNA(137,K) 

CONTINUE 
IF(IT.EQ.15.OR.IT.EQ.20.OR.I1T.EQ.30)GO TO 90 
IF (IT. EQ. 40.OR.IT.EO.45.OR.IT.EO.80.OR.IT.EQ.90)GO TO 90 
IF (IT.EQ.60.OR.IT.EQ.120.OR.IT.EQ.180)GO TO 90 
GO TO 95 

LF CT 60.15) 11=1 

IF (IT.EQ.20) II=2 

IF (IT.EQ. 30) II=3 

IF (IT. EQ. 40) I1=4 

IF(IT.EQ.45) II=5 

IF (IT.EQ.60) II=6 

IF (IT.EQ.80) II=7 

IF (IT.EQ.90) 11=8 

IF (IT.EQ. 120) I1=9 

IF (IT.EQ. 180) II=10 

DO 91 K=1,KR 

TH (II,K)=SNA(101,K) 

TM48 (11, K) =SNA(89,K) 
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91 
95 


404 


405 
406 
300 


TM96 (I1,K) =SNA(77,K) 

TM 120(11,K)=SNA(71,K) 

TM 144(11,K)=SNA(65,K) 

TP96 (I1,K) =SNA(125,K) 

TP120(1I1,K) =SNA(131,K) 
TP144(I1,K) =SNA(137,K) 

CONTINUE 
TFCITAGEVIP4eAND. If. LT st82) DT=DT2 
EF CIT WGEaCT2cAND. 12. LTatPS) DT=DT3 
IF (IT.GE.1T3) DT=DT4 
IF(ITZ.EQ.1)GO TO 405 

DO 404 K=2,KR 

IF (TZ1(K) .EQ. (999.99)) GO TO 406 
IF (TZ2 (K) .EQ. (999.99)) GO TO 406 
IF (TPK1 (K) .EQ. (999.99)) GO TO 406 
IF (TPK2 (K) .EQ. (999.99)) GO TO 406 
IF (TPK3 (K) .EQ. (999.99)) GO TO 406 
CONTINUE 

ITZ=1 

IF(IT.GE.180)GO TO 300 
IF(IT.LT.ITF) GO TOn41 

CONTINUE 

RETURN 

END 
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0.000956 
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File IPRB continued 


K IDK 23 24 25 26 20 28 29 30 31 32 33 
Deere, em O.88 0.92) 6.96) 2200 0.04 1,08 Po12 ho ¥G P.20 P22 11-28 
IDX @ 19 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 18 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 17 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 16 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 15 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 14 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 13 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 12 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 11 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 10 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 9 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 8 1 1 1 1 1 1 1 1 1 1 1 
px € 7 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 6 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 5 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 4 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 3 1 1 1 1 1 1 1 1 1 1 1 
ibe @ 2 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 1 1 1 1 1 1 1 1 1 1 1 1 
KR IDs 34 35 36 37 38 39 40 41 

Perth. cm 1.32 Se 1.40 1.445 1.45) P52 1.56 1.66 

IDX @ 19 1 1 1 1 51 50 50 50 

IDX @ 18 1 1 1 1 51 50 50 50 

IDX @ 17 1 1 1 7 5S 50 fc42° & 

IDX @ 16 1 1 1 1 51 | 42 44 4 

IDX @ 15 1 1 1 oe Se | SD 4 4 

IDX @ 14 1 1 1 1 51 46 48 4 

EDs @. 13 1 1 1 we 51 50 | 46 (10° 

IDX @ 12 1 1 1 1 51 50 50 50 

toe © 1 1 1 1 1 51 50 50 50 

IDX @ 10 1 1 1 1 51 50 50 50 

IDX @ 9Q 1 1 1 1 51 50 50 50 

IDX @ 8 1 1 1 se SO [aa 

jpe @ 7 1 1 1 1 51 

IDX @ 6 1 1 1 1 51 3 

IDX @ 5 1 1 1 1 51 3 

IDX @ 4 1 1 1 1 51 9 

IDX @ 3 1 1 1 1 51 50 50 50 

IDX @ 2 1 1 1 1 51 50° 50 50 

py @ 4 1 1 1 1 51 50 50 50 
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File IPRB, radial-longitudinal model without sensor materials 


Ke Dx 1 2 3 4 5 6 7 8 9 10 11 
DEPTH, cm 0.0 ° 0.04 O08 0.12 0.16 0.20 0-24 0-28 0.32 0.36 0.40 
IDX @ 19 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 18 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 17 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 16 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 15 59 73 59 59 59 59 59 59 59 59 59 
IDX @ 14 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 13 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 12 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 11 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 10 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 9 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 8 1 93 1 1 1 1 1 1 1 1 1 
Ox, © 7 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 6 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 5 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 4 1 93 1 1 1 1 1 1 1 1 1 
Toe € 3 1 93 1 1 1 1 1 1 1 1 1 
Ty & 2 1 93 1 1 1 1 1 1 1 1 1 
IDX @ 1 1 93 1 1 1 1 1 1 1 1 1 
Kk TDK 12 13 14 15 16 17 18 19 20 21 Zo 
DEPTH, cm 0.44 0.48 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.80 0.84 
IDX @ 19 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 18 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 17 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 16 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 15 59 59 59 59 59 59 59 59 59 59 59 
IDX @ 14 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 13 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 12 1 1 1 1 1 1 1 1 1 1 1 
Tox @ i 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 10 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 9 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 8 1 1 1 1 1 1 1 1 1 1 1 
Tox C7 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 6 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 5 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 4 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 3 1 1 1 1 1 1 1 1 1 1 1 
IDX @ 2 1 1 1 1 1 1 1 1 1 1 1 
1DX € 1 1 1 1 1 1 1 1 1 1 1 1 
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File IPRB continued 


K EDK 23 24 25° | 26 A4] 28 29 30 31 32 33 
DEPTH, semcO £88 609920059601 100 41.104 1, 208 O1..82 01.216 91,220 41, 224 91,228 
IDX @ 19 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 18 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 17 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 16 1 1 1 3 2 2 2 2 2 2 2 
IDX @ 15 59 59 59 «91 92 92 92 92 92 92 92 
IDX @ 14 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 13 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 12 1 1 1 37 2 2 2 2 2 2 2 
ime @ 11 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 10 1 1 1 37 2 2 2 2 ; 2 2 
IDX @ 9 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 8 1 1 1 37 2 2 2 2 2 2 2 
my @ 7 1 1 1 37 2 2 2 2 2 2 Z 
IDX @ 6 1 1 1 37 Z 2 2 2 2 2 2 
IDX @ 5 1 1 1 37 2 2 2 2 2 2 2 
IDX @ 4 1 1 1 37 2 2 2 Z 2 2 Z 
Ipx € 3 1 1 1 37 2 2 2 2 2 2 2 
PDX. 5.2 1 1 1 37 2 Z 2 2 2 2 2 
0). n Cae 1 1 1 37 2 2 2 2 2 2 2 
K IDX 34 35 36.1 37 38 39 40 41 

DEPTH ccm 1432 1.36 1740) 1.444, 4.48 1252) 1.56 1.60 

IDX @ 19 2 2 Zz 2 Z 2 Z 2 

IDX @ 18 Z 2 2 2 Z 2 2 2 

ipx (6 17 2 ye 2 2 2 2 2 2 

IDX @ 16 2 2 2 2 2 2 2 2 

IDX @ 15 92 92 92 92 92 92 92 92 

IDX @ 14 2 2 2 2 2 2 2 2 

IDX @ 13 2 # 2 2 2 2 2 2 

THe G2 2 2 2 Z 2 2 2 zZ 

TDs. @ 41 2 2 2 2 2 2 2 2 

IDX @ 10 2 2 2 2 2 2 2 2 

IDX @ 9 2 2 2 2 2 2 2 2 

TOY. G8 2 2 2 zZ 2 2 2 2 

EDy 6) 7 2 2 2 2 2 2 2 2 

IDX @ 6 2 2 2 2 2 2 2 2 

IDX @ 5 2 2 2 2 2 2 2 2 

IDX @ 4 2 2 2 2 Z 2 2 2 

1D C523 Zz 2 2 2 2 2 2 2 

IDX @ 2 2 2 2 2 2 2 2 2 

IDX @ 1 2 2 2 2 Z 2 2 2 
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HPV imposed at each depth for TLM run 


K IDX 1 2 3 4 5 6 U 8 =) 10 11 
DErPrHemem 0.07 0.0450.08 O.12 0216 0.20 0.24 0.2890.32 9.36 0240 
HPVI 20 e0 820 £0 620.0 20.022020 2040 20. 0n2040820.0 20.0%2050 
K IDX f2 13 14 ite 16 14 18 is 20 21 22 
DEPTH sem 0744 0.48130.52 0.560260 0.64 0568 0.72,0.76 0.80,0.84 
HPVI 20, 0m20..0 -70.0) 20.0" 2020 20.0 20.0420.0 20.0 20.0 2080 
K IDX 23 24 PAS 26 me 28 29 30 ou Se 33 
DEPIpegenm OFee. 0.9270.96 %-00M1R04 4.08 lel2 1.4651.20 4.2451528 
HPVI 2OsmecO. C20 .0820. 0 2080 20.0 2030820 .0 20.0n20.0 2020 
K IDX 34 32 36 Cw] 38 39 40 41 


DEPTHS GeEMm 1.82 1239691.40 61.44. te 1 i’ 1 
HPVI 2080720. 0)-20.0420.0 GO0r0, 0.0 OF0, 0.0 
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Numerically derived temperature matrix at t=60 s. 


K IDX 1 2 3 4 5 6 7 8 9 10 uk 
DEPTH 0.40 (0404 (0208 10.02 0.06 ©.20 0.24 0.28 0.32 0.36 0.40 
TP144 0.0 04D D.0 Of 0.1 0.1 0.2 0.2 0.3 0.4 0.5 
TP120 0.0 O20 — 0.1 Oe 0.2 O53 0.5 0.7 0.9 lee 1.6 
TP096 0.0 0.1 O..:2 0.4 0.6 0.8 Lag 1.6 2ite B.'0) 4.50 
THTR 0 0 1 1 1 2 3 4 5 7 2) 
TM048 0.0 0.1 0.2 0.3 0.4 0.6 0.8 dtd 1.6 Ziel 269 
TM096 0.0 O00 ° 1050 10.0 O20 0.4 Ot 0.1 0.2 0.2 0.3 
T120 0.0 OO. 1000 4000 050 0.0 ©.0 020 0.0 0.0 Af 
TM144 0.0 O10 OM.) 7050 70.0 0.20 ©.0 0 0.0 0.0 0.0 
K IDX 12 13 14 ies) 16 7s 18 19 20 2a 22 
DEPTH 10.44 (0248 (.552'' 1.56 ©.60 (0.164 02568 ©.72 0.76 0.180 ©.84 
TP144 0.7 0.9 ed 2 BES ve) 2.4 540 FO 4.5 5.4 6.5 
TP120 Pale. 2.8 le CT 6.0 7.6 9.9 Bind W383 W172 7208 
TP096 3 6.9 O.0) gee. WAS Wee 125.8 Pee.8 15.8 P4208 bol. 4 
THTR 13 ia] 22 28 2 47 Do 74 91 112 136 
TM048 Se Died 6.8 8.9 11.4 14.7 18.6 23.4 29.2 36.0 44.1 
TM096 0.4 0..5 0.7 0.9 Ai 1..16 ZieQ A2ild B42 Taw 14.9 
TM120 0.41 0.1 0.2 0.42 O98 0.3 0.4 0.6 0.7 0.9 Lisl 
TM144 0.0 O20 M50. 4020. 0.0 Dol 0/1 0.4 0.4 0.2 0.2 


K IDX 23 24 Zo 26 27 28 2z9 30 3a 32 33 
DEPTH @©288 0292 0.96 2.500 3.04 1.08 1.12 2.16 1.20 1.24 1.28 
TP144 1A D0) Oe I) 11S 75.2 106.8 128.5 120.4 221.6 222.9 
MPL20-1124..6 ©2878 193.4 } 38.4 143.5 148.9 164.3 159.6 764.8 769.6 274.0 
TPO96 ) 61.10 HALA 183..8 20538 209.0 222.46 A363 149.9 162.8 174.8 165.2 
THTR 164 196 2B2 Pay Ys 315 362 412 465 s20 S76 633 
T™O048 53.5 64.4 76.8 90.8 106.4 123.6 142.4 162.7 184.4 207.4 231.3 
TMO096 6.0 hive See BOM Bee Ase 2 39-9 22.9. 26.2. 29.8 
T120 1 1.7 Zot ZieD Be Bw $2608 Din. ‘atae 9 120 2802 
TM144 0. 0.3 0.4. 40-25 0.6 0.7 0.8 1.0 1.2 1.5 1 


K IDX 34 = $5) 36 Si 38 39 40 4] 
DEPTH 1.352 9.36 060 Aves 3.468 2.52 1.56 1.60 
DPL44 124.50 126.801 2502 2:25.62. M24..6 124.0 128.6 123.5 
TPI20 277.9 MSI. Me3.5' 185.5 286.1 186. 67 cd e874 
TPO96 293.8 200.0 205.6: 204.33 202.5 201.0 201.0 201.0 
THTR 688 742 792 889 881 914 914 914 
TMO4S 256.10 281.2 806.7 332. 357.2 B78./2. 391.0 395.4 
TM096 83,9 S850 4226 27.4 52.7 68.11 68.8 63.3 
T120 S36 I6,2 36.0 gbe0  a7.8 329.5 24.0. 24.5 
TM144 2.0 2.4 2.8 Boz Be: 1:4. SoD Pout 


‘‘ Os @ 4 ¥. a 
4.0 @€.0 88.0 88.0 aby Oc 
5 AG €.0 820 &.9 4. 
f .f-'2.0 So Ga. Bit 
O.f* £0) Ot" So ee 
2 a 3 ae 
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© $0 2.0 6 Ee Fae 
oOo 6.0 0.9 6.0 8.0 Oe 
6 00 G0 8.50 Go @. 
iy fs os ef SI ‘i =a et Al 
8.0 08.0 @%.8 &1.0 848.0 28.0 O8.0) o2i9. seid 
a a.2 @A 8.6 O86 aS Ou ml 1 
OF 2.01 C.AL Cedi @.8 85 Oh fA GWE 
.f2 8.90 E.2E 8.85 E.E5 O.81 8.88 BLL 6.e 
Fe SEF fe Sf g2 Ta ve Bf gs 
ds O,d€ ©.00 ALES A.Br Y.8l AEE Oa) 868.6 
A @.aA S.6 2.2 O2 B82 Sf -Oe . He 
Lt @68 %.0 80 0 €.6 °€.0 8.6.° to 
6 so) 2.8 1.60 t.0 £0 80.0 6.0 6.0 


vc 6k OE OE aS eR es 


f&-! 88.) Oh. O8.2 Sa.  SO.t .sOVE OOS 30.8 
“£5 G.18 £.G8 G.BY O.Bli &.ti C.F Ohl OE 
OX 3.03 8.80 3.0% E.A@ @.80 2.80 ABE ALEC 
C$! 8, OUl 8.801 @. Par €.9€) 6.891 0,001, 6.28. €.28 
c@ ac Off @ae SIP £80. She See ) Bee 
~fES A.TOS A.ABL V.£af 8, Oef Beck Bees Bee Bat 
Of S.08. @.85 O.0f £.Tl @.AF ASE VEOF 8.28 3 
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Numerically derived temperature matrix at t=120 s. 


K IDX 1 2 3 4 5 6 7 8 9 10 11 
DEPTH Gir Gude OF.6Gr O112) 0:16) 0120) O824 O1..28 O.32: 0.36 0.40 
TP144 0.0 1.6 ee OS? 8e5r VORG P29 1A 18a DMZ 
TP120 0.0 2.4 4.8 ror LOD VARS 16.0) (YORE 2843! Bas?” 32.1 
TPO96 0.0 Jel Gina?  A9R.Gt “Weoe LALOR: 217.2). 25).8 30.8 364) 426 
THTR 0 Zz S 8 1] 14 Is. 21 25 30 35 
TM048 0.0 BG) 25,0) 38d 4.2 5.5 6.9 S.45 LON2) P26 14.3 
TM096 Q..0 0.2 0.5 0.7 1.0 ine 1.6 2.0 2.4 29. 3.4 
T120 0.0 OG. 0.2 0.3 O.4> 065 0.7 0.8 1.0 Pad 1.4 
TM144 0.0 0.0 0.1 Oru 0.1 0.2 0.2 OS) 0.3 C.8 035 
K IDX 12 1) 14 1 16 17 18 ig 20 Zu 22 


DEPTH) OL44 O%48) O.52) 0.56) 0:60) 0364) 0:68) 0:72) Ou76 0.80) O.84 
Tees 26.0) 282 B2N2 36.5) 4021) 4621/7 SIL BP.0 621.9 169.0) I75'.2 
TmeeO) 332% 42.8) GShi9; Saint 622.6) VOLS) V8LSi 87.2? 196.3) 105.8) VISi6 
THOUS) 49.42 567.9) (651.05 WAS B38) 94h 2P 105445 LAP W207 1423.8) 156.3 


THTR 4] 48 53 63 72 81 FZ 103 115 128 142 
TMO48; U6 195) 22.5) 25.9. 2937) 3308) 382.3) 43.3 48.6 54.4 60.6 
TM096 0:  Giad Ded 6.3 VRS! . Bes 9.57 LO.8) 22 3.8) Uae 
T1120 1.6 1.9 2.2 2.6 3.0' 3.4 39 4.5 Deh ae G5 
TM144 0.6 0.7 0.8 0.9 Tha 1.2 1.4 1.6 a9 Dok 2.4 


K IDX 23 24 v9) 26 27 28 29 30 31 32 33 
Derr?  On88) 0292) 0296) 00) 1.08 1.08% 1.42? Vale Wi20) Wu2m 1.28 
TRAnW 60.6: BGody 9G%.5) 100.9% LO7L 15 12370) 118.62 L238.) L283) 132..3F 135.05 
PPAZOF 125. A U35.9) VA6nl 56. 22 POG. 49s L762 184:.8) VOSS) 20a 20820) 214..0 
TEO96> 11/0)..3: 1842.44 196y.57F 21320) 22772 0} 2407.64 253).6): 265.8) 2.0), 287'..0r 295.6 
THTR 156 171 187 204 221 238 25D 273 290? = 307 324 
TMONSS Gy2. 760.5: S102 S925) 97067 106.16 11486) 1273..8) 13259 140025 1505 
THOSGy 173) ‘USR2) 2abo) 2e.GF 2640) 265% SIR 22 SACO 36:9 40.0. 43.2 
T™120 0 eS) 8.2 Dit) UOn2e Tine? i250 1Sk Ss TS.2e V6.7 16.33. 20.1 
TM144 eal. 3.1 bes) a 4.4 4.9 5.4 6.0 6.6 Bos 8.0 


K IDX 34 35 36 37 38 39 40 41 
DEPTH 1.32% dG U.40) Inaie Ieee 1no2e 1.56) . 1.60 
TRLS4) 1377.9: 189. A, 139.9) 139.37 18755) 135.59 184.3? 134.0 
TPA ZO) 21.92.03 2221..82 225%, .5% 2262 9) 226% So 226% 242 26% 29 226.2 
TEO96) 3023 G3 3077.9) SIAN Ae 3PS2.0) S26 BU Sle OF 3196 97 BANG 
THTR 340 356 371 385 397 408 408 408 
TMO4S3 160.9% 70.3? U7G..G) 16828! 19,71, 97 205.45 21:0. 0s 22.185 
TM096) 46.5° 4929) 53°45 57.1% 60.8 64:4 64.4 64.5 
TMI20) 225.03 260.0" 269 Zeros 30696 33222 34536: 35.41 
TM144 8.8 O.6) 10. SF ane2e 12540 13425 184.7% 1949 


Sh is OS e] gt vi OO 
$8.0 08.0 383.0 $5.9 B8a.0. Ad. OB 
S.2% 6.03..9.98 O.7¢ Ae 64> Re 
a.211 6.261 £.80 STR 2.8% f.0N~ B88 
F801 B.Sd! (O81 S511 BODE 2.89 Bike 
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Numerically derived temperature matrix at t=180 s. 
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